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ABSTRACT
Results of creep tests on strips and full sections of lead cable sheathing
are reported. Mathematical analysis of the creep properties is difficult,
if not impossible, because of the nature of creep in lead, both flow at
the grain boundaries and slip within the grains (the amount of each
varying with different stress conditions), and because of the further
fact that many of these alloys are unstable supersaturated solutions.
Extrusion conditions and the biaxial state of stress in sheath samples
make a comparison of tests on strip and full-size sheath difficult.
Lead alloys show considerable recovery during cyclic loading.
Data are given which may account for the wide difference in the
amount of creep obtained in laboratory tests and field tests.
Stress rupture tests are reported in which the loss of ductility as
time for fracture is increased is very marked for some alloys. If the
tensile stress is too low to cause slip within the grains, failure occurs
at the grain boundaries, resulting in reduced elongation. The arsenical
lead alloys maintain fair ductility under low as well as high stress
conditions.
Bending machines are described for testing the bending resistance
of sheathing in strip form or extruded on cables. In the repeated bend-
ing of lead, the rate of strain is very important. Since the lead may
creep during the test and some corrosion takes place during slowspeed
testing, the importance of testing lead in bending with a rate of strain
as near as possible to service conditions is pointed out. The marked
superiority in bending resistance of the arsenical leads is shown in the
test results of both strip and cable bend tests.
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AN INVESTIGATION OF CREEP, FRACTURE,
AND BENDING OF LEAD AND LEAD ALLOYS
FOR CABLE SHEATHING -SERIES 1946
I. INTRODUCTION
1. Previous Research on Lead Sheath Materials. -For nearly
twenty years there has been conducted, on a widening basis, a series of
investigations into the creep of lead and lead alloys used for cable
sheathing. Some of the results hitherto obtained are given in Bulletins
243, 272, and 306 of the University of Illinois Engineering Experiment
Station. The last-named bulletin, and also Bulletin 347, set forth some
of the previous results of fracture and ductility tests and also data on
the effect of bending at relatively high frequencies and low amplitudes.
A summary of research done by other investigators is given in
Section 1 of Bulletin 306, published in August, 1938. Since that date,
tests of cable sheathing at 100 to 3000 p.s.i. have been reported by
Gohn, Arnold, and Bouton( 3)*; and tests on rolled lead and lead alloys
at room temperature and at stresses of 350 to 500 p.s.i. have been
reported by Greenwood and Worner.1 4) Not all data obtained on creep
and related phenomena appear in the literature; several lead manu-
facturers and fabricators have installed research apparatus and have
presumably made findings which are not yet available in print.
2. Scope of Bulletin. - The investigations reported in Bulletins 306
and 347 made it evident that more accurate prediction of the behavior
of lead sheathing in service required tests, both creep and fracture,
extending over much longer periods of time. Such test data are reported
herein. The creep of sheathing under internal pressure and at a temper-
ature of 150 deg. F. as well as at room temperature (about 78 deg. F.)
is compared with the creep of strip specimens. The behavior of sheath-
ing under alternate cycles of internal pressure and vacuum is reported
for some samples of various alloys. Finally, because the bending of
cables in manholes has created interest in the resistance of lead
sheathing to bending, bend tests of both cables and strips at various
rates of strain and at various temperatures are also reported.
3. Variable Factors in Creep Tests of Lead and Lead Alloys and in
Materials Tested. - Most of the specimens tested (see Table 1) were
cut from cable sheathings which, by means of the usual factory pro-
* The parenthesized superior numbers throughout the bulletin refer to Appendix C.
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TABLE 1
DATA ON SHEATHING TESTED
A number of metals of somewhat different chemical composition, but all containing a sig-
nificant calcium content, are grouped under the title "calcium leads." Another group of metals
with about the same calcium content but also containing significant magnesium content are titled
"calcium-type leads." A number of the metals containing a significant amount of arsenic are
called "arsenical leads." Two metals containing a significant antimony content are grouped as
"antimony leads." Two metals containing a significant amount of tin are called "tin leads." One
special alloy containing mainly antimony and tin as the alloy constituents is titled "antimony-
tin lead." The rest of the metals are classified as of the types to which they most nearly con-
formed as prescribed in Tentative Standard B-29-40T of the American Society for Testing
Materials.
Sample Description
8 0.038% Ca.........
2T 0.037% Ca.........
C-88B 0.03% Ca..........
2B 0.03% Ca..........
2P 0.03% Ca..........
2J 0.029% Ca.........
2S 0.03% Ca... ......
2SN 0.03% Ca..........
L-144A 0.02% Ca..........
L-144B Heat Treated . . . . .
C-297 0.02% Ca..........
C-139 0.02% Ca..........
L-657 0.01% Ca... . .....
C -331 ....................
C -389 ....................
C -192B ...................
C -417....................
2 U .. . . . .. . ... .. . .. .. .. .. .
C-296 ....................
L-73B ....................
C -361 .... .................
2Q . ......................
pN .............. . .......
2N .............. .... .....
2K .......................
K .. . .. . .. .. .. ... .. .. ... . .
2C. .....................
C-409 . . . . . . . . . . . . . . . . . . ..
C -410 ...................
C -299 ....................
2E . ... .............. .....
2 L . . .....................
2G .... .............. .....
2 F . . . . . .. . ... ... .. .. .. .. .
C-298 ....................
2 M .......................
S... . . . . . . . . . . . . . . . . . . . . .
C-302A. ...................
S. . . . . . . . . . . . . . . . . . . . . . . .
J . .... . . . . . . . . . . . . . . . . . . .
2V . . . ............... .....
C -411. .... .................
20 ..... . .. .. .. ... .. .. ....
C -92.....................
Classification
of Metal
Calcium Lead
Calcium-Type
Lead
Arsenical Lead
Chemical Lead
Corroding Lead
Antimony Lead
Copper Lead
Acid Lead
Common
Desilverized Lead A
Corroding Lead
plus Copper
Tin-Antimony Lead
Tin Lead
Nominal Dimensions
of Sheath
Outside
Diameter,
Inches
2%1
2%1
2%
21%
2%
2%
2%1
2%
2%22%4
2164
4%
2?i2
21 24
2112
2%4
241
21%2
24
211%2
27s
3%2
2%
21%2
20
2%
21"i6
21i6
22%4
2%1
21%2
3
2%2
3
211/2
3%2
2%
3
24164
2%
2112
Wall
Thick-
ness,
Inches
164
%4
7f4
744
7%4
Y64
N%4
%74
7/4
564
N14
564
6%4
1s4
6%4
%4
N64
984
964
1649 2
1%2
3%2
112
764
ýý4
164
U14964
114
16412N64
142B4
1%2%2
164
1%2
%16
964
%2
Na
ý2o
6%4
964
Manu-
facturer
II
II
I
II
I
II
V
V
V
V
V
V
X
I
I
I
V
VII
IV
VII
IV
VIII
VI
IV
II
III
VII
VII
VII
I
V
V
VII
I
I
IX
V
IV
I
IV
VII
VII
IV
IV
Sheath
Received
Feb. 1935
June 1937
March 1940
Oct. 1935
Nov. 1936
Aug. 1936
April 1937
Nov. 1938
Feb. 1940
Nov. 1940
Sept. 1939
Sept. 1939
Oct. 1942
Feb. 1944
Jan. 1945
Oct. 1941
May 1946
March 1938
Sept. 1938
Aug. 1938
Aug. 1942
Nov. 1936
June 1939
Sept. 1936
Aug. 1936
Nov. 1928
Nov. 1935
Jan. 1946
Jan. 1946
Sept. 1941
Dec. 1935
Sept. 1936
April 1936
Dec. 1935
Aug. 1941
Oct. 1936
Oct. 1936
July 1942
Sept. 1935
Nov. 1928
Feb. 1939
Jan. 1946
Oct. 1936
March 1940
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duction methods, were extruded by various cable manufacturers onto
commercial lengths of cable. The specimens, therefore, contain many
variables. The chemical composition (see Table 2) of the specimens
of commercial sheathing varies widely, but it is known with fair
accuracy. The rates of extrusion, however, are not known; they may
vary widely from sheath to sheath and indeed within the same sheath.
Stopping the lead press during extrusion affects the heat treatment of
the sheath, as shown by the test results of two samples of sheathing
tested with internal pressure. Practices as to quenching after extrusion
vary. Localized impurities sometimes do and sometimes do not occur
at critical sections of the specimens. The test results are further influ-
enced by the position of the charge welds with relation to the speci-
men. The flattening out of the samples and the subsequent machining
of the specimens affect the lead alloys differently, and the size and
shape of the specimen change somewhat the creep and ductility
values obtained. Finally, the interval between extrusion and testing
has varied.
These many variables may explain some of the differences among
test results of various samples in this investigation, and also between
results from this investigation and those reported by other laboratories.
The range in results has been considered representative of that which
might be expected in commercially produced sheaths.
4. Acknowledgments. - This study has been supported by funds
contributed by the Utilities Research Commission, Chicago, of which
A. D. BAILEY is the chairman and M. S. OLDACRE the director of
research. The Advisory Committee appointed by the Utilities Research
Commission for this study is at present as follows:
HERMAN HALPERIN (Chairman), Staff Engineer, Commonwealth
Edison Company
C. E. BETZER, Senior Engineer, Engineering Department, Common-
wealth Edison Company
C. A. CRAWFORD, Testing Engineer, Commonwealth Edison Com-
pany
C. A. JAQUES, Assistant to Electrical Engineer, Public Service Com-
pany of Northern Illinois
B. R. RICHARDSON, Electric Superintendent, Western United Gas
and Electric Company
J. L. SMITH, Supervising Engineer, Construction Department,
Commonwealth Edison Company
H. W. OERMAN, Design Engineer, Public Service Company of
Northern Illinois.
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II. CREEP TESTS OF TENSILE SPECIMENS OF LEAD AND LEAD ALLOYS
5. Racks for Creep Tests of Tensile Specimens. - The creep tests
reported herein may be compared directly with those in Bulletin 306:
the dimensions of the 10-in. gage length specimens, the creep racks,
the extensometers and cathetometers, and in fact the apparatus and
procedure were the same as those reported in the previous bulletin.*
Vibration was slight. Most tests were conducted on the third floor
of a three-story, reinforced-concrete building (Arthur Newell Talbot
Laboratory), where little vibration occurs normally. The racks con-
taining the specimens were suspended on springs.
6. Test Data for Creep Tests of Tensile Specimens. -The data
obtained from creep tests of strips of cable sheathing consist of
recorded observations of elapsed time and elongation under steady
tensile stress. The data in graphical form show elapsed time plotted as
abscissas with creep (expressed in per cent increase in length) plotted
as ordinates. Figures 1-6 show the test results to the end of the test
period of creep tests of 10-in. tensile specimens.
7. Results of Creep Tests of Tensile Specimens.-The long-time
creep of a lead or of a lead alloy may be divided, rather arbitrarily, into
three stages: (1) a preliminary stage, generally covering the first 500-
1500 hr. under constant load, during which creep progresses rapidly
and its rate diminishes; (2) a second stage in which the creep rate
stays nearly constant for the greater part of the life of the specimen;
and (3) a final stage in which the creep rate increases with "necking
down" of the specimen.until final fracture occurs. None of the tests
reported in Figs. 1-6 was carried beyond the second stage of creel).
A large part of the first stage of creep is due to the immediate
elongation upon application of load. This is largely elastic action.
However, considerable strain hardening takes place in this period. At
the relatively low stresses encountered in service much of the defor-
mation takes place in the first stage of creep. The test results support
the belief that, for most lead alloys, the creep continues to decrease at
a slow and diminishing rate throughout the second stage. The de-
crease has been observed in commercially pure lead sheaths even after
more than ten years on test and is more pronounced in the age-harden-
ing and strain-hardening lead alloys. In fact, the dividing points
between the stages of creep are seldom sharply defined; instead, grad-
ual merging occurs. This makes it difficult, if not impossible, to predict
* The creep racks were operated at room temperature (which varied between 60 deg. and 100
deg. F. but averaged about 78 deg. F.), 110 deg. F., and 150 deg. F.
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FIG. 1C. CREEP-TIME DIAGRAMS FOR LEAD AND LEAD ALLOYS -2000-HR. TESTS
accurately the total creep for extended periods of time from creep tests
extending less than 5000 hr. in which the stresses are in the range
equal to service stresses. However, for predicting creep for stresses
near 200 p.s.i., the assumption of constant creep in the second stage is,
when based on tests covering a reasonably long period, very useful in
that it permits comparison of various materials and extrapolation of
the results to longer periods. It tends to give values of creep for ex-
tended periods of time which are on the high side and hence are
considered safe for design purposes.
In this as in previous bulletins, the beginning of the third stage of
creep is regarded as marking the effective ultimate service life strength
of lead and lead alloys. The extrapolation of the data must therefore be
limited to the second stage. The method proposed by P. G. McVetty
gives predictions of creep to 10,000 hr. which, if the creep rate (v) at
1.
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FIG. 3. CREEP-TIME DIAGRAMS FOR LEAD AND LEAD ALLOYS - 10,000-HR. TESTS
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FIG. 4. CREEP-TIME DIAGRAMS - LONG-TIME TESTS ON CALCIUM-TYPE ALLOYS
5000 hr. and the corresponding value of eo are used, are in close agree-
ment with the results of creep tests actually continued to 10,000 hr.
In McVetty's method the creep rate in the second stage is con-
sidered constant, and on the creep-time diagram the straight line
representing this constant rate is projected back to the zero axis for
time. The intercept of this line with the zero axis is designated eo.
Then if v is the creep rate during the second stage, the total elongation
or creep for any time (t) up to the beginning of the third stage is
e = eo + vt.
The elongations under steady tensile loads of lead and lead alloys
in the extruded form are not exactly reproducible. Duplicate specimens
loaded under similar conditions often show somewhat different creep
rates. It is rather difficult to extrude a sheath of uniform grain struc-
K)
K
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FIG. 5. CREEP-TIME DIAGRAMS - LONG-TIME TESTS ON ARSENICAL ALLOYS
ture; hence, tensile specimens cut from the sheath will vary in struc-
ture. And since for low stresses much of the creep occurs at the grain
boundary area - the amount of which varies in the different specimens
- some "scatter" is obtained in the test results. This discrepancy
makes it difficult to predict the creep accurately by analytical analysis.
Many of the formulas derived by Bailey ('1 , Ludwick (6 ) , Nadai (" ) ,
Norton (16), and others for estimating creep using creep rate alone, give
reliable results for some individual lead alloys but may lead to serious
error if applied to only a few data obtained from certain commercial
sheathing alloys.
Many of the alloys of lead with creep resistance superior to that of
the A.S.T.M. grades of lead are age-hardening alloys which show a
*1~
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K
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decreasing creep rate with time even after 20,000 hr. of test. On solid-
type cables they cause higher internal pressures to develop, in order
to accommodate the thermal expansion of the insulation and copper
within the sheaths, than do commercially pure lead sheaths. The age
hardening of the calcium alloys not only makes a prediction of the
creep difficult but also limits their usefulness as sheathing materials.
T/?me i Tlh-ousa2nds of Hoars
FIG. 6. CREEP-TIME DIAGRAMS FOR LEAD AND LEAD ALLOYS -
TESTS BEYOND 20,000 HR.
While showing good creep resistance, these alloys are so low in ductility
that sheath failures might occur due to the higher stresses developed
within the sheath. The 0.02 per cent-0.04 per cent calcium type alloys
with 0.014-0.016 per cent magnesium and about 0.25 per cent tin are
typical of this group. These calcium alloys age-harden and so lose in
ductility that, within a few years, cracks appear at the grain bounda-
ries after slight bending.
The arsenical lead is superior to chemical lead in creep resistance,
but shows a tendency to lose some of this superiority at stresses above
200 p.s.i. at 150 deg. F. The arsenical lead shows a decrease in strain-
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hardening in the second stage of creep in the tests made at 150 deg. F.
This may be due to self-annealing or some breaking of bonds within
the structure, possibly a loss of keying action, instead of to relaxation
in annealing. In the creep test results of these alloys, there is consider-
able scatter which makes for risk in estimating their creep by the use
of formulas, since any change in rate of strain hardening or relaxation
which takes place would affect greatly any formula for prediction of
creep based on creep rate alone. As has been said, the most reliable
formula for predicting creep of lead sheathing at stresses met in
service is the McVetty formulas of the form e = eo + vt. One reason
is that, for a given creep-time curve, as the value of v is increased or
decreased the value of eo is decreased or increased, so that the value of
total creep predicted at the end of any elapsed time tends to equal that
predicted at a later time.
Figure 7 shows the total creep as determined by the formula
e = eo + vt for 10,000 hr. based on the test results to 2000 hr. Table 3
gives a comparison in condensed form of the total creep based on the
2000-hr. tests, and on the 5000-hr. tests when available, and also the
actual creep obtained in 10,000 hr. for tests continued to that length
of time. The age hardening and strain hardening of many of the alloys
reduced the actual creep obtained in 10,000 hr. to a value less than
that predicted by the McVetty formula based on the 5000-hr. tests.
As might be expected, the 5000-hr. prediction was much more accurate
than the 2000-hr. Table 3 shows the effect of dispersion hardening in
the calcium-type alloys. At 150 deg. F. and at stresses above 200 p.s.i.
the arsenical lead alloys had more creep than is to be expected from
the 5000-hr. prediction. This indicates some loss in strain hardening
at the higher stresses and temperatures. At lower stresses and tempera-
tures, however, this material strain-hardened somewhat past the
5000-hr. mark. In general, the creep for the arsenical leads could be
predicted with accuracy from the 5000-hr. tests.
As an arbitrary evaluation of the creep resistance of the various
sheathing alloys Figs. 8 and 9 have been constructed to show the
creep rate per 10,000 hr. and the total creep in the first 10,000 hr. for
strip specimens loaded to 200 p.s.i. tensile stress. This type of diagram
makes immediately apparent the superior creep resistance of the
calcium and arsenical lead alloys. Since the diagrams are plotted to the
same scale the effect of the temperature upon the creep resistance of
the various alloys may be easily noted, as may also the low creep
resistance of the tin lead.
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TABLE 3-PART I
SUMMARY OF CREEP TEST RESULTS OF 10-INCH SPECIMENS
Material
2T 0.037% Cal-
cium Lead...
2T ...............
2S 0.03% Cal-
cium-Type Lead
2SN 0.03% Cal-
cium-Type Lead
Stress,
Temp.
R.T.
110 0 F.
150°F.
R.T.
110°F.
150 0 F.
R.T.
110°F.
150°F.
P.S.'.
2000 Hours 5000 Hours
0.079
0.050
0.038
0.023
0.014
0.006
0.073
0.051
0.033
0.017
0.007
0.120
0.105
0.038
0.007
0.032
0.029
0.020
0.019
0.012
0.008
0.06
0.037
0.028
0.023
0.014
0.012
0.062
0.043
0.028
0.018
0.060
0.038
0.026
0.016
0.011
0.005
0.061
0.032
0.017
0.012
0.006
0.001
0.060
0.070
0.022
0.006
Total Creep
in 10,000 Hours
Actual,
by
Test
Total
Creep,
%
0.215
0.084
0.053
0.039
0.020
0.010
0.153
0.093
0.043
0.025
0.013
0.538
0.196
0.062
0.0155
0.04
0.036
0.024
0.024
0.014
0.010
0.088
0.048
0.034
0.030
0.020
0.015
0.148
0.080
0.039
0.026
0.12
0.054
0.040
0.022
0.014
0.008
0.168
0.055
0.026
0.019
0.012
0.0015
0.373
0.126
0.048
0.017
0.035
0.032
0.021
0.021
0.012
0.008
0.066
0.040
0.030
0.026
0.016
0.013
0.147
0.071
0.030
0.022
0.104
0.050
0.036
0.018
0.012
0.006
Total
Creep,
%0.048
0.041
0.028
0.030
0.016
0.012
0.122
0.058
0.040
0.034
0.024
0.019
0.218
0.110
0.050
0.030
0.168
0. 070
0.054
0.028
0.019
0.011
Extrapolated
From
2000- 5000-
Hr. Hr.
Test Test
0.759 .....
0.220 ....
0.113 .
0.103
0.044 ....
0.026 .
0.473 .
0.251 .
0.083 .
0.057
0.037 .
2.210 ....
0.560 .
0.158 .
0.0495 ..
0.072 0.061
0.064 0.050
0.040 0.035
0.044 0.039
.0.022 0.020
0.018 0.016
0.20 0.178
0.092 0.076
0.058 0.050
0.058 0.042
0.044 0.032
0.027 0.025
0.492 0.489
0.228 0.149
0.083 0.07
0.058 0.038
0.36 0.232
0.118 0.090
0.096 0.072
0.036 0.038
0.026 0.026
0.020 0.016
0.596 ....
0.147
0.062 ....
0.047 ....
0.036 ....
0.0035 ....
1.625 ....
0.35 ..
0.152
0.061 ....
0.06
0.051
0.036
0.040
0.020
0.018
0.262
0.135
0.060
0.040
0.198
0.080
0.063
0.0375
0.023
0.0155
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TABLE 3 (CONTINUED)
SUMMARY OF CREEP TEST RESULTS OF 10-INCH SPECIMENS
Material
C-88B 0.03% Cal-
cium Lead ......
2B 0.03% Cal-
cium ...........
2J 0.029% Cal-
cium ...........
L-144-A 0.02%
Calcium-Type
Lead...........
L-144-A ..........
L-144-A ..........
L-144-B ..........
Heat-Treated. . . . .
C-297 0.02% Cal-
cium-Type Lead
L-657 0.01% Cal-
cium-Type Lead
Temp.
110 0F.
150°F.
1500 F.
110 0 F.
R.T.
110 0F.
150°F.
150°F.
110°F.
110
0
F.
Stress,
p.s.i.
350
300
250
200
179
100
350
300
200
100
250
200
150
100
400
350
250
150
400
300
250
200
150
100
400
300
250
200
150
100
350
300
200
100
300
200
150
100
400
300
250
200
150
100
400
300
250
200
150
100
2000 Hours
0.088
0.084
0.046
0.032
0.030
0.002
0.125
0.090
0.030
0.015
0.080
0.046
0.018
0.006
0.070
0.072
0.030
0.014
0.035
0.023
0.016
0.013
0.014
0.006
0.043
0.024
0.019
0.018
0.0075
0.006
0.08
0.055
0.02
0.007
0.034
0.020
0.017
0.0095
0.066
0.042
0.031
0.020
0.016
0.004
0.40
0.166
0.045
0.023
0.0166
0.013
Total
Creep,
%
0.343
0.175
0.067
0.050
0.043
0.006
0.515
0.230
0.060
0.020
0.156
0.067
0.024
0.0145
0.155
0.135
0.045
0.0175
0.062
0.039
0.024
0.019
0.016
0.007
0.143
0.0425
0.030
0.027
0.0155
0.010
0.28
0.173
0.055
0.01
0.065
0.036
0.029
0.016
0.122
0.068
0.045
0.029
0.023
0.010
1.13
0.20
0.055
0.030
0.021
0.0166
5000 Hours
0.104
0.064
0.041
0.034
0.002
0.11
0.050
0.015
0.105
0.1075
0.032
0.0125
0.054
0.034
0.020
0.020
-0.006
0.006
0.095
0.03
0.022
0.020
0.012
0.0075
0.24
0.13
0.05
0.007
0.05
0.028
0.024
0.015
0.087
0.054
0.038
0.024
0.019
0.006
0.466
0.133
0.050
0.026
0.020
0.013
Total
Creep,
%0.280
0.280
0.080
0.062
0.056
0.010
0.425
0.080
0.025
0.255
0.200
0.0625
0.0225
0.091
0.053
0.029
0.024
-0.004
0.008
0.272
0.070
0.0425
0.035
0.022
0.012
0.53
0.32
0.08
0.01
0.096
0.053
0.039
0.020
0.1885
0.095
0.060
0.038
0.030
0.014
2.12
0.25
0.065
0.032
0.025
0.018
Total Creep
in 10,000 Hours
Extrapolated
From
2000-
Hr.
Test
1.363
0.539
0.151
0.122
0.095
0.022
2.075
0.79
0.180
0.04
0.46
0.151
0.048
0.0485
0.495
0.387
0.105
0.0315
0.170
0.103
0.056
0.043
0.024
0.011
0.543
0.1165
0.074
0. 063C
0.0475
0.026
1.08
0.645
0.195
0.022
0.189
0.100
0.077
0.042
0.346
0.172
0.101
0.065
0.051
0.034
4.05
0.336
0.095
0.058
0.0386
0.031
Actual,
by
Test5000-
Hr.
Test
0.456
0.096
0.083
0.078
0.018
0.64
0.11
0.035
0.405
0.2925
0.0930
0.0325
0.128
0.072
0.038
0.028
0.010
0.449
0.110
0.063
0.050
0.032
0.0165
0.82
0.51
0.11
0.013
0.142
0.078
0.054
0.025
0.290
0.136
0.082
0.71
0.105
0.03
0.3875
0.270
0.0800
0.0325
0.127
0.07
0.036
0.035
0.008
0.415
0.100
0.62
0.050
0.03
0.0175
0.67
0.43
0.086
0.015
0.260
0.123
0.076
0.052 0.046
0.041 0.039
0.022 0.020
3.774 .....
0.367 0.40
0.080 0.0866
0.038 0.040
0.030 0.0266
0.023 0.022
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TABLE 3 (CONTINUED)
SUMMARY OF CREEP TEST RESULTS OF 10-INCH SPECIMENS
Material
C-296A Chmica
C-296-A Chemical
Lead .... .....
2U Chemical Lead
L-73-B Chemical
Lead.........
L-73-B Chemical
Lead.........
C-361 Chemical
Lead...........
2G Copper Lead . .
2Q Chemical Lead
Temp.
110 0 F.
R.T.
110WF.
Stress,
p.s.i.
250
200
150
100
75
50
250
200
150
100
75
50
250
200
150
100
75
150
0
F. 150
100
75
50
R.T. 250
200
150
100
75
50
1100F. 250
200
150
100
75
50
150°F. 200
150
100
50
150
0
F. 250
200
150
100
150°F. 150
100
75
50
R.T. 250
200
150
100
75
50
150°F. 200
150
100
50
2000 Hours
0.055
0.044
0.031
0.021
0.014
0.004
0.030
0.019
0.012
0.011
0.006
0.002
0.033
0.022
0.014
0.007
0.004
0.014
0.010
0.010
0.003
0.034
0.036
0.019
0.015
0.012
0.008
0.042
0.037
0.027
0.016
0.011
0.002
0.073
0.05
0.019
0.005
0.115
0.03
0.04
0.015
0.023
0.009
0.006
0.002
0.049
0.040
0.027
0.020
0.017
0.003
0.037
0.026
0.010
0.008
5000 Hours
Total
Creep, 'e
% %
0.22 0.06
0.106 0.051
0.075 0.045
0.038 0.026
0.028 0.022
0.006 0.004
0.133 .....
0.070 .....
0.032 .....
0.028 .....
0.013 .....
0.0095 .....
0.185 .....
0.078 .....
0.034 .....
0.018 .....
0.011 .....
0.115 .....
0.056 .....
0.047 .....
0.024 .....
0.177 .....
0.097 .....
0.040 .....
0.032 .....
0.021 .....
0.017 .....
0.288 .....
0.144 .....
0.096 .....
0.026 .....
0.020 ......
0.006 .. .
0.424 .....
0.155 .....
0.034 .....
0.011 ....
0.58 0.180
0.225 0.010
0.075 0.045
0.035 0.015
0.114 .....
0.043 .....
0.022 .....
0.020 ....
0.130 . .
0.078 .....
0.045 .....
0.025 .....
0.0175 .....
0.0095 .....
0.270 .....
0.146 .....
0.068 .....
0.022 .....
Total
Creep,
%
0.46
0.192
0.124
0.056
0.040
0.008
1.260
0.510
0.125
0.07
Total Creep
in 10,000 Hours
Extrapolated
From
Actual,
by
2000- 5000- Test
Hr. Hr.
Test Test
0.880 0.86 .....
0.354 0.333 .....
0.251 0.203 .....
0.106 0.086 .....
0.084 0.058 .....
0.014 0.012 .....
0.485
0.274 ....
0.112  ..... I .....
0.096 ... ..
0.041 . . ..
0.0395 ..... .
0.793 .
0.302 . ..
0.114 ..... .
0.052 .. . .
0.039 .....
0.519
0.24 ... . .....
0.195 ..... . ....
0.108 . .....
0.749 .. . i ..
0.341 ... . ..
0.124 .. . ..
0.100 .....
0.057 ... . .
0.053 . . ..
1.272 . . ..
0.572 ...
0.372 ...
0.066 . . .
0.056 .
0.022 . . ..
1.828 . . ..
0 .525 . . . .....
0.094 .. . ....
0.035 .. . .....
2.44 2.34 2.188
1.005 1.01 0.917
0.215 0.205 0.200
0.115 0.125 0.093
0.478 .. . .....
0.179 .... . ....
0.086 .
0.092
0.454 .. . .....
0.230 .....
0 .117 .. . .....
0.045 .. . .....
0.0195 . .. ..
0.036 .. . .....
1.202 .. . .....
0.626 .....
0.300 ... . .....
0.078 .... .....
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TABLE 3 (CONTINUED)
SUMMARY OF CREEP TEST RESULTS OF 10-INCH SPECIMENS
Material
2E Copper Lead...
C-410 Copper Lead
21. Coner ILead...
C-298 Acid I ead...
C-299 Copper Iead
2C Copper Lead...
2C Copper I.ead...
C-409 Copper Lead
2F Copper Lead.. .
2N Corroding Lead
Temp.
1500 F.
110 0 F.
110
0
F.
110 0 F.
150 0 F.
110 0 F.
R.T.
R.T.
2N ............... 150°F.
Stress,
p.s.i.
200
150
100
50
250
200
150
100
250
200
150
100
75
50
150
100
75
50
250
200
150
100
75
50
250
200
150
100
75
50
250
200
100
250
200
150
100
250
200
250
200
150
100
75
50
250
200
150
100
75
50
150
100
50
2000 Hours
Total
o, Creep,
% %
0.020 0.191
0.026 0.080
0.009 0.021
0.005 0.011
0.044 0.202
0.034 0.087
0.020 0.044
0.016 0.026
0.039 0.123
0.018 0.059
0.013 0.030
0.006 0.015
0.003 0.010
0.0015 0.007
0.015 0.086
0.0075 0.0325
0.003 0.016
0.005 0.019
0.110 0.540
0.080 0.280
0.030 0.078
0.013 0.035
0.012 0.034
0.008 0.018
0.080 0.31
0.074 0.206
0.038 0.076U
0.010 0.0240 01 0 0O
0.004 0.010
0.035 0.153
0.026 0.1025
0.015 0.03
0.140 1.12
0.120 0.75
0.140 0.69
0.04 0.15
0.045 0.333
0.056 0.190
0.034 0.097
0.024 0.069
0.011 0.032
0.010 0.024
0.004 0.016
0.0025 0.008
0.004 0.065
0.030 0.088
0.016 0.032
0.007 0.019
0.003 0.011
0.0025 0.007
0.033 0.155
0.013 0.038
0.003 0.013
5000 Hours
0.010
-0.016
0.015
0.140
0.20
0.26
0.01
Total
Creep,
%
0.3525
0.240
0.05
2.57
1.66
1.45
0.33
Total Creep
in 10,000 Hours
Extrapolated
From
SActual,
2000-
Hr.
Test
0.875
0.296
0.069
0.035
0.834
0.299
0.140
0.066
0.459
by
5000- Test
Hr.
Test
. . . . . . .
0.223
0.098
0.051 .
0.038 ..
0.029
0.370 . .
0.1325 . . '
0.068
0.075
2.26 . .
1.08
0.27 .. . .
0.123 ...
0.122 ... .....
0.058 ... . ..
1.23 ... . ..
0.734 ... . ...
0.278 .....
0.080 .. . ....
0.076 ... . ...
0.034 .. . ....
0.625 0.695 0.603
0.4085 0.512 0.375
0.09 0.085 0.065
5.04 5.00 4.73
3.27 3.12 3.03
2.89 2.64 2.38
0.59 0.65 0.59
1.485 . .
0.726 . . ..
0.349 ..... ...
0.249 .. . ...
0.116 .. . ....
0.080 ....
0.064
0.030 .. . ....
0.309
0.320 .. . ....
0.096 .. . ....
0.067 .. . ....
0.043 .. . ....
0.029
0.643
0.138
0.053 .....
I
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TABLE 3 (CONTINUED)
SUMMARY OF CREEP TEST RESULTS OF 10-INCH SPECIMENS
Material
AN Corroding Lead
2V Corrodi-ig Lead
and Copper.....
X Common Desil-
verized Lead A..
X Common Desil-
verized Lead A..
2M Common De-
silverized Lead A
2M .......
2K Antimony Lead
K Antimony Lead..
K ................
C-92 Tin Lead....
Temp.
R.T.
110°F.
110
0
F.
R.T.
150°F.
R.T.
1500 F.
150°F.
1100 F.
150OF.
R.T.
2000 Hours
Stress,
p.s.i.
250
200
150
100
75
50
250
200
150
100
75
50
250
200
150
100
75
50
250
200
100
250
200
150
100
250
200
150
100
75
50
150
100
75
50
200
150
100
50
300
250
200
150
100
50
150
100
75
50
250
200
150
100
75
50
0.024
0.012
0.007
0.000
0.004
0.002
0.0135
0.058
0.014
0.014
0.009
0.003
0.42
0.190
0.014
0.022
0.015
0.005
0.033
0.028
0.020
0.625
0.10
0.04
0.02
0.014
0.012
0.009
0.005
0.000
0.000
0.030
0.014
0.008
0.005
0.054
0.048
0.040
0.018
0.047
0.053
0.035
0.023
0.018
0.006
0.017
0.018
0.010
0.008
0.100
0.086
0.043
0.021
0.010
0.005
5000 Hours
Total
Creep,
%
Total
Creep,
%
0.109
0.047
0.025
0.007
0.016
0.012
0.125
0.116
0.033
0.024
0.016
0.011
0.960
0.480
0.1165
0.053
0.027
0.0105
0.108
0.082
0.036
1.875
0.755
0.215
0.10
0.093
.0U49
0.029
0.010
0.005
0.002
0.22
0.064
0.025
0.0135
0.358
0.260
0.270
0.050
0.290
0.1965
0.113
0.073
0.042
0.0190
0.298
0.083
0.047
0.033
0.542
0.406
0.202
0.127
0.068
0.028
0.205 0.92
0.02 0.28
0.02 0.095
0.015 0.04
0.005 0.02
-0.056 0.250
0.008 0.168
0.016 0.063
-0.075 3.625
0.475 1.575
0.06 0.480
0.07 0.220
. . . . . . . . . .
Total Creep
in 10,000 Hours
Extravolated
From
Actual,
by
2000- 5000- Test
Hr. Hr.
Test Test
0.449 .. . .....
0.187 .. . .....
0.097 .. . .....
0.035 .. . .....
0.065 .. . .....
0.052 .. . .....
0.571 .. . .....
0.348 . .. .....
0.109 ..... ..
0.064
0.044 .. . ....
0.043 .....
3.12
1.64 1.635
0.5265 0.54 ...
0.177 0.170 . ..
0.075 0.065 ...
0.0325 0.035
0.408 0.612 0.489
0.298 0.328 0.298
0.10 0.110 0.096
6.875 7.40 7.200
3.825 2.675 2.500
0.915 0.90 0.850
0.420 0.37 0.330
0.409 . . .....
0.197 . . .....
0.109 ... . . ..
0.030 .. .. . ....
0.025 . . ..
0.010 . . .....
0.98 . . .....
0.093 ... . .....
0.0475
1.574
1.108
1.19
0.178 ...
1.262
0.7705 . ...
0.425 . . ..
0.273 ...
0.138 .... ...
0.071 ...
1.405 . . . .
0.343 . . ..
0.195 ...
0.133 ...
2.310 ...
1.686 ...
0.838 . .
0.551 .. . ....
0.300 .
0.120
...
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TABLE 3 (CONTINUED)
SUMMARY OF CREEP TEST RESULTS OF 10-INCH SPECIMENS
Material
C-92............
C-92 ............
2-0 Tin Lead ....
C-192 Arsenical
Lead ..........
C-331 Arsenical
Lead.........
C-389 Arsenical
Lead..........
Temp.
110
0
F.
150°F.
R.T.
R.T.
110°F.
R.T.
110 0 F.
150WF.
R.T.
110°F.
Stress,
p.s.i.
250
200
150
100
75
50
200
150
100
50
250
200
150
100
75
50
300
200
150
100
50
300
250
200
150
100
50
300
250
200
200.
150
100
250
200
150
100
75
50
300
250
200
200
150
100
300
200
150
300
250
200
150
100
75
2000 Hours
Total
co, Creep,
or trr
0.110 0.965
0.095 0.640
0.070 0.430
0.037 0.190
0.020 0.090
0.010 0.065
0.120 1.210
0.065 0.70
0.040 0.470
0.010 0.085
0.038 0.244
0.023 0.167
0.022 0.127
0.009 0.067
0.013 0.058
0.004 0.031
0.042 0.061E
0.025 0.037(
0.018 0.0251
0.016 0.021C
0.006 0.012C
0.050 0.215
0.046 0.100
0.038 0.064
0.022 0.032
0.010 0.017
0.003 0.010
0.040 0.051
0.037 0.045
0.027 0.031
0.025 0.031
0.010 0.016
0.024 0.028
0.064 0.10
0.037 0.055
0.029 0.039
0.013 0.0185
0.010 0.014
0.002 0.003
-0.10 0.65
0.10 0.25
0.055 0.115
0.037 0.075
0.035 0.060
0.025 0.042
0.044 0.0675
0.0125 0.031
0.015 0.0325
0.049 0.079
0.049 0.067
0.022 0.032
0.015 0.0205
0.0125 0.015
0.01 0.0110
5000 H
eo,
%
0.350
0.220
0.120
0.050
0.030
0.020
0.042
0.027
0.019
0.017
0.010
0.040
0.036
0.054
0.028
0.015
0.009
0.049
0.0385
0.028
0.031
0.0175
0.028
0.076
0.048
0.036
0.013
0.010
0.002
-0.65
0.05
0.03
0.04
0.042
0.030
0.063
0.029
0.030
0.068
0.060
0.026
0.019
0.013
0.009
ours Total Creep
in 10,000 Hours
Extrapolated
Total From
Creep, Actual,
by
% 2000- 5000- Test
Hr. Hr.
Test Test
2.05 4.38 3.75
1.36 2.915 2.50 .....
0.910 1.87 1.70
0.410 0.802 0.77 ..
0.180 0.370 0.33
0.125 0.285 0.23
..... 5 .57 .... .
..... 3 .24 .... .
..... 2 .19 ..... .. ...
..... 0 .385 ... . ....
..... 1.068 .... .....
..... 0.743
..... 0.547 ..... .
..... 0 .299 .....
..... 0 .238 ..... .....
..... 0 .139 ..... .....
0.089 0.1395 0.136 0.136
0.053 0.085 0.079 0.079
0.035 0.0555 0.051 0.046
0.0275 0,041 0.038 0.035
0.016 0.036 0.022 0.0192
0.465 0.875 0.890 0.895
0.179 0.316 0.322 0.343
0.092 0.168 0.130 0.142
0.042 0.072 0.056 0.060
0.022 0.045 0.029 0.028
0.016 0.038 0.023 0.022
0.061 0.095 0.073 0.072
0.0565 0.077 0.0745 0.072
0.035 0.047 0.042 0.042
0.036 0.055 0.041 0.0385
0.0195 0.040 0.0215 0.020
0.0305 0.044 0.033 0.0325
0.144 0.244 0.212 0.207
0.078 0.127 0.108 0.095
0.047 0.079 0.058 0.059
0.026 0.0405 0.039 0.034
0.020 0.030 0.030 0.0285
0.004 0.007 0.006 0.0045
2.15 3.75 5.6 5.15
0.575 0.85 1.10 1.30
0.200 0.355 0.37 0.41
0.130 0.227 0.22 0.20
0.090 0.160 0.138 0.135
0.0575 0.110 0.0850 0.075
0.074 0.1615 0.085 .....
0.030 0.1050 0.031 ...
0.036 0.1525 0.042 .....
0.121 0.199 0.174 0.168
0.086 0.139 0.112 0.1085
0.044 0.072 0.062 0.060
0.0265 0.0425 0.034 0.032
0.0180 0.0250 0.023 0.022
0.013 0.0150 0.017 0.018
I
BUL. 378. CREEP, FRACTURE, AND BENDING OF LEAD ALLOYS
TABLE 3 (CONCLUDED)
SUMMARY OF CREEP TEST RESULTS OF 10-INCH SPECIMENS
Material
C-389 Arsenated
Lead (Cout'ed)
C-417 Arsenical
Lead..........
C-411 Tin-Anti-
mony Lead....
r Common Desil-
verized Lead A,
%4-in. spec.. . . . .
X Common Desil-
verized Lead A,
%-in. spec... ..
2B 0.03% Calci-
um Lead, %-in.
spec ..........
2G Copper Lead,%a-in. spec... ..
Temp.
150oF.
R.T.
110 0 F.
150°F.
110°F.
110 0 F.
110 0 F.
110 0 F.
110 0 F.
Stress,
p.s.i.
300
250
200
150
100
50
300
200
150
300
200
150
350
300
250
200
150
100
300
200
150
200
150
100
200
150
100
300
200
100
200
150
100
2000 Hours 5000 Hours
Total
co, Creep,
% %
0.13 0.60
0.03 0.20
0.055 0.11
0.035 0.06
0.025 0.04
0.01 0.02
0.061 0.116
0.028 0.048
0.018 0.0215
0.116 0.345
0.029 0.060
0.029 0.043
-0.20 2.08
0.02 0.585
0.04 0.360
0.042 0.109
0.020 0.050
0.010 0.028
0.042 0.515
0.040 0.390
0.025 0.215
0.022 0.062
0.0150 0.044
0.011 0.02751
0.024 0.0965
0.020 0.0595
0.014 0.042
0.070 0.125
0.032 0.044
0.016 0.019
0.027 0.088
0.0185 0.049
0.01351 0.0215
eo,
%
0.07
0.07
0.08
0.055
0.05
0.02
0.115
0.046
0.023
0.200
0.060
0.030
-1.000
-0.250
-0.050
0.065
0.035
0.022
0.030
0.040
0.035
Total
Creep,
%
0.126
0.40
0.19
0.095
0.07
0.03
0.145
0.060
0.025
0.645
0.090
0.050
5.830
1.680
0.905
0.196
0.075
0.042
1.290
0.875
0.480
Total Creep
in 10,000 Hours
Extrapolated
From
2000-
Hr.
Test
2.48
0.76
0.330
0.160
0.100
0.06
0.336
0.128
0.0355
1.261
0.184
0.099
11.40
2.845
1.64
0.377
0.170
0.050
2.407
1.790
0.975
0.222
0.1580 ...
0.0935 ...
0.3865
0.2175
0.154
0.345
0.092
0.031
0.332
0.1710
0.0535
..... ..
....
Actual,
by
Test
2.56
0.75
0.28
0.125
0.085
0.035
5000-
Hr.
Test
1.82
0.73
0.30
0.135
0.09
0.04
0.175
0.088
0.027
1.090
0.120
0.070
13.650
3.860
1.910
0.327
0.115
0.062
2.550
1.700
0.925
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Sheah and MIetal I Creep Rate and Total Creep in Per Cent
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L-/44A, O.02 Ca,
(Calcium Type)
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Corrodingy Lead }N -
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Chemica/ Lead zU / (a)-At 78 deg. F
L-73-B - - - -
2L
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C-88-B, 003% Ca.
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SL-144A, 000% Ca,
(Calcium Type)
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2U
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FIG. 8a. COMPARISON OF CREEP OF SPECIMENS UNDER A TENSILE STRESS
OF 200 p.s.i. AT TEMPERATURES OF 78 DEG. F., 110 DEG. F.,
AND 150 DEG. F., BASED ON 2000-HR. TESTS
BUL. 378. CREEP, FRACTURE, AND BENDING OF LEAD ALLOYS
~Sheah a17a M& I C oreep ate an'd Total Creep 1in Per CentShea0 and 2:efa/00 3.0 40 SO 6e
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FIG. 8b. COMPARISON OF CREEP OF SPECIMENS UNDER A TENSILE STRESS
OF 200 p.s.i. AT TEMPERATURES OF 78 DEG. F., 110 DEG. F.,
AND 150 DEG. F., BASED ON 2000-HR. TESTS
The gradual diminution of creep rate in the second stage of creep
is shown in Fig. 10. All lead sheathing alloys tested showed a reduc-
tion in creep rate for several thousand hours, except the arsenical leads
with high stresses at 150 deg. F. Some of these showed an increasing
creep rate. The chemical lead, C-296A, and the 2.5-per cent tin alloy,
C-92, have the greatest reduction in creep rate, but seem to reach a
fairly stable rate after 5000 hr. of test at 110 deg. F. with a 200 p.s.i.
tensile stress. The creep rates of arsenical lead alloys, C-331 and C-389,
do not decrease as rapidly as those of the chemical lead and tin alloys,
and reach a fairly stable rate at 8000 hr. with this stress and tempera-
ture. The 0.02 per cent calcium-type lead, C-297, had a diminishing
creep rate at 18,000 hr. The 0.01 per cent calcium-type alloy, L-657,
had a decreasing creep rate to 4000 hr.; the rate then increased for
10,000 hr. and became very stable at 14,000 hr. All these materials
were a year or more old when the tests were begun, and hence had
considerable ageing at room temperature. They all showed consider-
able strain hardening during the early part of the test period and a
slight strain hardening during the latter test period, with the exception
of the 0.01-per cent calcium type alloy.
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Sheath and M / .Creep Rate and Total Creep in Per Cent
Sheath an7 e70 a/ 1.0 20 /0 4.0 .0
es, 0.03% ca.,
(Calcium Type) (a)
2SA, 0.03% Ca, At 78° F
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L-144A, 002 % Ca,
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Arsen/ca/ Lead C-193
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Copper Lead 2C
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23, 003 % Ca,
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-Creep Rate per /0,000 Hours
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FIG. 9. COMPARISON OF CREEP OF SPECIMENS UNDER A TENSILE STRESS
OF 200 p.s.i. AT TEMPERATURES OF 78 DEG. F., 110 DEG. F.,
AND 150 DEG. F., BASED ON 5000-HR. TESTS
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Thousands of H-ours Under Loaad
FIG. 10. DIMINUTION OF CREEP RATE AS CREEP TESTS PROGRESS
Figure 11 shows the effect of copper content on the creep resistance
of lead sheathing material. The maximum bismuth content of the
material used in this comparison was 0.06 per cent. The room temper-
ature tests (average 78 deg. F.) show that at stresses less than 250
p.s.i. a copper content of 0.048 to 0.071 per cent gives creep resistances
slightly higher than those for materials with less copper. The 250-p.s.i.
tests, however, seemed to indicate a slightly lower creep resistance as
the copper content increased. The tests at 110 deg. F. and 150 deg. F.
indicate that the higher copper content (0.048-0.71 per cent) gave
better creep resistance at the higher temperatures. The tests at room
temperature and at 150 deg. F. indicated that a copper content of
0.03-0.04 per cent reduced the resistance of the lead to creep. It should
be noted that other constituents were not constant in the various
samples considered here, and might have influenced to some extent
the indications cited.
The effect of calcium content upon the creep resistance of lead
sheathing material is shown in Fig. 12. The 0.02 per cent calcium-
alloy with 0.016 per cent magnesium and 0.25 per cent tin was the
most resistant to creep at all three temperatures. The 0.01 per cent
calcium alloy with 0.009 per cent magnesium and about 0.20 per cent
ILLINOIS ENGINEERING EXPERIMENT STATION
. Stress in /b. per sq. in.
FIG. 11. EFFECT OF COPPER CONTENT ON THE CREEP RESISTANCE OF LEAD AT
78 DEG. F., 110 DEG. F., AND 150 DEG. F.
tin had as good creep resistance as the 0.02 per cent calcium alloy at
stresses below 250 p.s.i. at 110 deg. F. The creep of the 0.04 per cent
calcium alloys was less than that of the 0.03 per cent alloy except at
stress above 300 p.s.i. at 150 deg. F. The 0.016 per cent magnesium in
the 0.02 per cent alloys seemed to increase its creep resistance and de-
crease its ductility. The significance of this fact is discussed in
Section 5.
The effect of bismuth content, 0.01-0.10 per cent, on the creep re-
sistance of leads with copper content ranging from a trace to 0.07
per cent was to increase the resistance. In almost every case where the
copper contents were about equal the material with the higher bismuth
content had more creep resistance. However, as is shown in Section 5,
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bismuth (like magnesium) reduced the ductility of the lead in fracture
tests extending over 5,000 hr.
Alloys with arsenic in the range of 0.16-0.182 per cent and in com-
bination with bismuth showed increased creep resistance as the content
of these elements was increased. The tin content of these alloys was
decreased as the arsenic and bismuth were increased, which no doubt
increased the creep resistance also. The arsenic, probably by increas-
ing the dispersion of the other elements, increased the creep resistance
and ductility of the lead.
Tin in the range of 0.36 per cent-2.5 per cent definitely reduced
the creep resistance of lead at stresses of 300 p.s.i. and below. An
antimony content of 0.75-1 per cent in lead does not increase the creep
resistance of the lead as much as 0.04-0.71 per cent copper. Over a
period of several years at room temperature, antimony segregates at
the grain boundaries and thus weakens the lead in strength and reduces
the ductility.
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III. CREEP OF CABLE SHEATHING UNDER INTERNAL PRESSURE
8. Sheathing Tested, and Apparatus for Testing Sheathing, Under
Long-Continued Internal Pressure.-In order to study further the
creep resistance of the various sheathing materials under internal pres-
sure, the equipment for testing cylindrical samples of cable sheathing
described in Bulletin 306, pages 54-57, was enlarged to accommodate
nine samples of cable sheathing at a time. This equipment consists
of a rack holding 6-ft. samples of cable, sealed at both ends, having
constant pressure applied by means of an oil reservoir. Expansion of
the sheaths is determined periodically by measurement of the outside
diameters with micrometer calipers. These measurements are made on
small steel studs soldered to the sheath at stations 12 in. apart along
the sample and across 2 diameters at each station.
The same testing technique reported in Bulletin 306 was used for
the tests reported herein, except that in some tests the internal pres-
sure was 40 p.s.i. instead of the 25 p.s.i. previously employed, and
additional equipment was constructed to run tests at 150 deg. F.
Table 4 lists the samples.
9. Correlation of Tension Tests with Creep of Sheath Under In-
ternal Oil Pressure. - The expansion of the cable sheathing at various
stations along the sheath is plotted in the graphs in Figs. 13-17, along
with the average of all the stations. There is considerable scatter in
several of the station readings, and some indicate consistently more
strain than others. Since stations 1 and 5 or 6 are only 6 in. from the
wiped seals on the ends of the samples, a certain amount of end re-
straint is indicated in some of the tests. In other samples the end sta-
tions showed as much creep as any of the inside stations.
Stopping the lead press during extrusion affects the heat treatment
of the sheath. The normal fine-grained structure produced by the ex-
trusion process and retained by the quenching process is lost when the
press is stopped, since the heat from the press warms up the sheath and
grain growth takes place. The recrystallized zone of large grains has
more creep resistance than the normally produced sheath but is lower
in ductility, and ultimate failure takes place in the regions of the large
grains under relatively low stress conditions. The area under the charge
ring or press-stop mark contains a structure of smaller grains produced
by forcing a somewhat cooled metal out of the die block. The greater
extrusion pressure and rapid cooling produces the fine-grained struc-
ture. The finer-grained area tends to creep more rapidly than the large-
grained area under the low stresses prevailing in the internal pressure
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TABLE 4
SHEATHS TESTED UNDER INTERNAL OIL PRESSURE
Approximate Outside Thickness
Sheath Chemial Diameter, (Nominal), Manu- Placed inCmifacturer Test Rak RemarksComposition Inches Inches
Tests at Room Temperature
J Common Desil- 271 9e4 IV May 20, 1931 Failed Sept. 1944
verized Lead A
,r Common Desil- 3 9i2 I Jan. 23, 1937 Still under test
verized Lead A
X Common Desil- 3 9~4 V Jan. 23, 1937 Still under test
verized Lead A
2C Copper Lead 211 9'4 VII June 15, 1936 Still under test
2G Copper Lead 2t %62 VII April 23, 1936 Still under test
0 0.04 % Calcium 2% 94 II Feb. 28, 1935 Removed from rack
Lead Oct. 10, 1944
2SN 0.03 % Calcium- 22964 914 V May 22, 1939 Increased to 40 p.s.i.
Type Lead internal pressure
Feb. 14, 1945
C-139 0.02 % Calcium- 2% i1 V March28, 1941 Increased to 40 p.s.i.
Type Lead internal pressure
Feb. 14, 1945
C-192 Arsenical Lead 21• 2  64 I Feb. 15, 1943 Increased to 40 p.s.i.
internal pressure
Feb. 14, 1945
C-331 Arsenical Lead 2ý%2 %4 I Oct. 3, 1944 Increased to 40 p.s.i.
internal pressure
Feb. 14, 1945
Sheaths Tested Under Alternate Cycles of Internal Pressure 28.84 p.s.i.
and 15 in. of Mercury Vacuum at 110 deg. F.
C-302 Common Desil- 21112 fs4 IV Jan. 25, 1943 Placed under 25 p.s.i.
verized Lead A steady internal
pressure at 1500 F.
April 10, 1945
C-296 Chemical Lead 21%2 5/4 IV Feb. 2, 1943 Placed under 25 p.s.i.
-steady internal
pressure at 150° F.
April 10, 1945
C-299 Copper Lead 22914 94 I Dec. 29, 1943 Placed under 25 p.s.i.
steady internal
pressure at 1500 F.
April 10, 1945
C-297 0.02% Calcium- 22s4 564 V Jan. 8, 1943 Placed under 40 p.s.i.
Type Lead steady internal
pressure at 150° F.
April 10, 1945;
Failed July 17, 1945
2SN 0.03% Calcium- 22914 §4 V Feb. 2, 1943 Removed from test
Type Lead April 10, 1945
Tests at 150 Deg. F.
C-296 Chemical Lead
2G Copper Lead
C-331 Arsenical LeAd
C-389 Arsei ical Lead
April 12, 1945 Still under test
April 12, 1945 Still under test
April 12, 1945 Still under test
April 12, 1945 Still under test
BUL. 378. CREEP, FRACTURE, AND BENDING OF LEAD ALLOYS
C/rcumferentia/ Sfre.
77r, Common Desi//lVerized Lead A
4 8 /2 /6 20 24
Common Desilverlzed Lead A
_ Circumferent/a/ Stress
2%S 
/h.
pe
r sq. 19.
t I
SI I
At Stat/on /
/5 20 25 30 35
77me I/ Hundreds of Days
0
1.0
0.5
0
3.5
3.J0
1.5
/.0
O.5
f. 5
'8 3e 36 46
5
In/ernal/ Pressure
25/b. per sq. 1., Gage--
for the 4 Sheaths
40 45 50
FIG. 13. CREEP-TIME DIAGRAMS FOR VARIOUS SHEATHS, UNDER
INTERNAL PRESSURE AT TEMPERATURE OF 78 DEG. F.
9, 0038%. 6?G/c/~ 2ea~' At SAyh:, A~ I 2,1 I I
S,_ I \ / - II I l ,' .
r
Is'
- Circumferentia/ Stress 200 Ib per sq. n
At Station /n 6-,
A
- -- - Common Desi/ver/zea' Lead A
Circumferentfa/ Stress
£43 /b per sq 7in.
At Station 2-
^l^^przrl
^^^L"- ___c_
0
n
0 5 /0
Pm
5s 75 /. per sq. 7n.
---- 
---
rs"
0 -
o w o
I£
I
i
f
'V
77Y
f
ILLINOIS ENGINEERING EXPERIMENT STATION
FIG. 14. CREEP-TIME DIAGRAMS FOR SHEATHS 2C AND 2G, COPPER LEADS,
UNDER INTERNAL PRESSURE AT TEMPERATURE OF 78 DEG. F.
tests. Station 5 of the common desilverized lead A, sample J, tested
at 78 deg. F., was in a large-grained area near a press mark. Station 2
of the arsenical lead sample, C-331, tested at 150 deg. F., was also near
a press mark. Both these stations had considerably less creep than
the other stations on these sheaths.
Out-of-roundness, dents, and extrusion marks may cause areas of
localized stress which would affect the creep resistance greatly at
different points in the sheath. Initial out-of-roundness of the sheath
samples may affect the dial micrometer gage readings in these tests.
indicating a change in shape or roundness and not an actual change in
diameter. Charge welds, and resulting grain structures, would also give
different creep test results for the station. A varying rate of extrusion
would affect the amount of work hardening (except of alloys showing
elongated grains) and also the quenching rate, with a consequent
change in grain structure, orientation, and strain hardness retained by
the sheath before being tested by internal pressure. Uneven die block
temperature causes eccentric sheath and uneven work hardening of the
lead. Both factors cause erratic creep test results.
These facts also affect somewhat the creep test results on strip
specimens. The strip creep specimens were cut longitudinally from the
sheath and only a small part of the sheath diameter was used for these
specimens, so that variations in thickness were at a minimum. Only
Ti7me in Hundreds of Days
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FIG. 15. CREEP-TIME DIAGRAMS FOR VARIOUS SHEATHS, UNDER
INTERNAL PRESSURE AT TEMPERATURE OF 78 DEG. F.
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FIG. 16. CREEP-TIME DIAGRAMS FOR SHEATHS C-296, CHEMICAL LEAD, AND 2G,
COPPER LEAD, UNDER INTERNAL PRESSURE AT TEMPERATURE OF 150 DEG. F.
sheathing material of uniform grain structure free from welds was used.
Hence, more uniform testing conditions prevailed in the strip tests than
in the test of cylinders, and as a result the data show less scatter.
In order to compare the creep of sheath under internal pressure with
that of strip loaded with a tensile stress equal to the hoop stress of the
sheath, 10-in. specimens were cut from the same sheathing material
and loaded in the creep racks. The hoop stress of the sheath was de-
termined by the thin-walled-cylinder formula S = PD/2t, where P =
internal pressure in p.s.i., D = internal sheath diameter, and T = the
thickness of the sheath in inches. In most cases the strip specimen had
a greater total creep than the sheath specimen. At 150 deg. F. the ten-
sile specimens of arsenical lead, C-331, had practically the same creep
resistance as the sheath. At this temperature the chemical lead speci-
men also agreed with the creep of the sheath of chemical lead, C-296.
On the other hand, the tensile specimen designated as X shows more
resistance to creep than the sheath in the first year of test.
The comparison between the strip creep test results and the sheath
creep test results was not so close for some sheathing materials. If a
uniform grain structure prevailed throughout the sheath, the biaxial
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state of stress in the sheath would have tended to reduce the creep
and expansion necessary for fracture of the sheath to less than that
obtained in the strip tests. Unfortunately some lead sheathing tested
received such treatment during fabrication as to give it a duplex grain
structure. This treatment was severe enough in some cases to overcome
the biaxial stress effect.
The extrusion process tends to produce a striated structure in the
sheath, giving grains elongated in the direction of extrusion. The cross-
section of a longitudinal specimen has a finer grain structure and hence
will creep more at relatively low stresses than the sheath which has
a somewhat larger structuie normal to the circumferential stress. In
the strip specimen, more of the grain boundary area has to resist the
stress, and as creep at low stresses consists mostly of flow at the grain
boundaries more creep is obtained in the strip specimens for a given
stress. In the sheath the plane normal to the circumferential stress has
less grain boundary area and as a result has more resistance to creep.
However, the elongation at fracture is greater for the strip specimen
because more slip within the grains can take place due to grains being
previously elongated in the direction of extension.
The tendency for pure lead to recrystallize and coalesce near room
temperature would remove the striated structure acquired in extrusion.
The sheathing materials with higher alloying content would retain
more of the striated structure, especially those containing arsenic and
calcium, which because of an increase in the recrystallization tempera-
ture greatly retard recrystallization of lead. This fact substantiates
the discrepancies in the creep of sheath and longitudinal strip speci-
mens of the calcium alloys. In the common desilverized lead A, where
recrystallization more readily takes place at room temperature, the
difference between the two tests is not so great. The arsenical lead,
C-389, had a marked elongation of the grains in the direction of ex-
trusion. In this material the creep of the strip specimen greatly ex-
ceeded that of the sheath.
The sheath sample tests under internal pressure rated the sheathing
material in the same order of merit as did the strip creep tests. The
calcium sheaths with cable inside had high creep resistance as com-
pared with the softer lead alloys, the 0.03-per cent calcium type sheath
being slightly better than the 0.02-per cent. The 0.04-per cent calcium
sheath, 0, was a hollow pipe which may have rounded out somewhat
at the beginning of the test and thus have affected the first stage of
creep. However, sheath 0 shows very good creep resistance after the
first stage. The creep resistance of the arsenical sheath sample, C-331,
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is definitely better than that of the copper leads at room temperature.
The copper lead shows a considerable range in creep resistance, since
sheath sample 2C expanded more than twice as much as sample 2G.
The fact that 2G has more silver, copper, and bismuth may account
for this superior creep resistance. The spread in the creep resistance
of the common desilverized lead A samples is greater. Sample A ex-
panded nearly six times as much as sample 7 in the same test period,
under conditions which were almost identical except that the hoop
stress was 43 p.s.i. higher in A. This difference in stress would be
expected to cause a 2-to-1 difference in rate of expansion. The common
desilverized lead A sheath, samples J and X, compares very well in creep
resistance, both samples having much less resistance than the materials
of higher alloy content. Sheath sample J, with a slightly lower hoop
stress, has less creep resistance. Sheath sample A has a slightly larger
grain structure, which is more resistant to creep. Sheath J contained
more silver, copper, and antimony than sheath A, but the larger grain
structure in A overcame the advantage of the slight alloy content.
Sheath sample J failed after 13% yr., with an average expansion
of 4.008 per cent. The maximum expansion was 5.848 per cent, at sta-
tion 2. The failure occurred, however, at station 5, where the expansion
was only 1.286 per cent. The point of failure was about 1/4 in. from a
charge ring or press-stop mark. When the metal was etched, and ex-
amined under the microscope, no inclusions of defective structures were
found near the failure. The duplexed grain structure resulting from
stopping the lead press affected the strength and the ductility of this
sheath.
The superiority of the arsenical leads over chemical lead in creep
resistance did not appear in two tests at 150 deg. F. with from 303 to
345 p.s.i. stress. The arsenical lead sheaths, C-331 and C-389, are ex-
panding more rapidly than the chemical lead sheath, C-296. The
arsenical leads at 40 p.s.i. internal pressure at 150 deg. F. are show-
ing a steadily increasing creep rate. The stress and temperature are
high enough to overcome the strain-hardening effect noted in the
arsenical lead in the tests at room temperature. This alloy seems to
have lost some of its strength at 150 deg. F. A loss of the strength due
to a decrease in the amount of arsenic in solution or overageing of the
precipitated phase at the higher temperature is considered by one
authority to be a probable cause of this loss of strength at the higher
temperature. The superior ductility of the arsenical lead under long-
continued steady load may enable this material to withstand the in-
ternal pressure longer at 150 deg. F. than does the chemical lead.
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In the 150 deg. F. internal pressure tests of sheaths C-296, C-331,
C-389, and 2G, a diameter tape was used to check the dial micrometer
readings. In every case the diameter tape readings give a slightly
higher per cent increase in diameter. This indicates some restraint on
the expansion of the sheath due to the sweated-on micrometer ball
points. The diameter tape is sensitive only to a 0.01-in. increase in
diameter, and the dial micrometer gage to 0.0001. Since the diameter
tape does not hug the sheath very closely, its readings tend to be a
little larger than those of the dial micrometer gage.
All the sheath samples tested at room temperature, except sheath
J, show some strain hardening after several hundred days of test.
Sheaths v and kA seem to be increasing in creep rate after 2600 days
of continuous internal pressure.
The arsenical lead alloys, C-192 and C-331, and the calcium-type
alloys, C-139 and 2SN, had their internal pressure increased to 40
p.s.i. in February, 1945. These sheath samples have been under a
25-p.s.i. internal pressure at an average temperature of 78 deg. F. for
various lengths of time. All these sheaths seem to be going through
another first stage of creep, and are showing additional strain hard-
ening, as they did when under the lower pressure. None of the sheath
samples, however, is showing as much creep as did the corresponding
strip specimen at the higher stress. This fact would indicate consider-
able strain hardening at the lower stress.
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IV. CREEP OF CABLE SHEATHING UNDER ALTERNATE CYCLES
OF INTERNAL PRESSURE AND VACUUM
10. Sheathing Tested, and Apparatus Used, for Cyclic Loading with
Internal Pressure and Vacuum. - The sheathing of high-voltage elec-
tric cable is seldom subjected to very high internal pressure for any
great length of time. The pressure builds up rather rapidly when the
electrical load is increased, and the rate of rise gradually diminishes
as the sheath expands. When the load decreases, the pressure de-
creases sharply, and during the time of no electrical loads or of low
ones a vacuum forms within the sheaths. In order to study the effect
of this changing load cycle upon the creep of sheath, 5-ft. samples of
cable with sheaths of a calcium-type lead alloy, chemical lead, copper
lead, and common desilverized lead A were maintained at 110 deg. F.
and subjected to a cycle of 28.84 p.s.i. internal pressure followed by a
vacuum cycle of 15 in. of mercury. The internal pressure period was
maintained for 8 hr. a day for four consecutive days weekly, each
such period being followed by a rest period of 4 hr. of zero pressure
and by 12 hr. of vacuum. On the fifth day the pressure period was left
on until the next morning, a period of 24 hr. After a 4-hr. rest period
of zero pressure the vacuum cycle was on the sheath for 44 hr.; the
period was then repeated. The sheaths were therefore under an internal
pressure of 28.84 p.s.i. for 56 hr. a week, or one-third of the test time.
The sheath samples, containing cable, were placed in horizontal
steel pipes whose ends were wiped to the sheaths, the steel pipes being
large enough in internal diameter to allow for 5 per cent expansion
of the sheaths. The unrestricted length of the test samples was 4 ft.
Graduated glass tubes of 0.414 in. internal diameter were protruded
upward through holes in the steel pipes, and the area between the
sheath and the pipe was filled with oil degased in place. The expan-
sion of the sheaths forced the oil higher in the glass tubes, where the
expansion of the sheaths was noted. The system was sensitive enough
to measure the change in volume of the sheaths due to changing from
internal pressure to vacuum.
11. Test Results of Cyclic Loading Tests of Sheaths. -Figure 18
shows the results for the five samples tested. Since all samples were
portions of commercial cable and were slightly out of round, con-
siderable volume change took place during the early part of the tests;
indeed, one sample of 0.02 per cent calcium-type lead, C-297, never
regained its initial volume during nearly two years of test. None of
the sheaths increased in volume during the test as much as did similar
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FIG. 18. CREEP-TIME DIAGRAMS FOR C-297, 0.02-PER CENT CALCIUM-TYPE LEAD;
C-302, COMMON DESILVERIZED LEAD; 2SN 4, 0.03-PER CENT CALCIUM-TYPE
LEAD; C-296, CHEMICAL LEAD; AND C-299, COPPER LEAD -ALL
UNDER CYCLIC PRESSURE-VACUUM LOADING
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TABLE 5
SUMMARY OF PRESSURE-VACUUM SHEATH SAMPLES, SIMILAR SHEATH SAMPLES
UNDER STEADY PRESSURE, AND CORRESPONDING TENSILE SPECIMENS
Hr. Under At 1100 F. Expansion ElongationStress, a Expansion of Sheath of Tensile
Material Tensile of Sheath at Room Specimen
p.s.i. Stress in Per Cent, Temperature, in Per Cent,Press.-Vac. Steady Press. at 1100 F.
C-302 Common Desilverized
Lead A................... 244 5 120 0.112 0.375 1.16
C-297 0.02% Calcium-Type
Lead..................... 258 5 270 -0.092 0.03 0.06
2Sn4 0.03% Calcium-Type Lead 265 5 080 0.017 0.01 0.048
C-296 Chemical Lead......... 230 5 080 0.092 0.187 0.27
C-299 Copper Lead .......... . 220 5 350 0.10 0.187 0.53
sheaths under 25 p.s.i. continuous internal pressure at room tempera-
ture for one-third of the test period, an equal time under pressure. The
recovery of the sheaths during the rest and vacuum cycles greatly
reduced their expansion. Table 5 compares the expansion of the pres-
sure vacuum sheath sample and the expansion of sheath samples under
steady internal pressure at room temperature with the same time under
pressure. The elongations of corresponding strip specimens are given
for steady tensile stress at 110 deg. F. The room temperature sheath
sample of 2SN was the only one which did not expand more rapidly
than the pressure-vacuum sample at a higher stress and temperature.
As may be expected, the calcium-type sheaths had the highest
creep resistance and the 0.02 per cent calcium-type sheath, C-297, had
slightly more resistance than the 0.03 per cent calcium-type sheath,
2SN. The chemical lead sheath, C-296, and the copper lead sheath,
C-299, had about equal creep resistance, which was considerably less
than that of the calcium-type alloys. The common desilverized lead A
sample, C-302A, showed a definite increase in volume from the start
of the test and continued to creep more rapidly than the copper alloys.
All the sheath samples expanded rapidly when the pressure was
applied in each cycle, and continued to expand at a decreasing rate. A
rapid decrease in volume was found when the pressure was released,
and creep recovery, decreasing in amount, was noted during the zero
pressure period. In the vacuum period another rapid decrease in volume
took place, decreasing in rate with time. The decrease in volume during
the vacuum period was not as large as that at the release of pressure
at the start of the zero pressure period. Figure 19 shows the data for
one week of testing.
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12. Creep of Cable Sheathing Under Internal Pressure After Being -
Subjected to Cyclic Pressure and Vacuum Tests. - After a few weeks'
rest from the pressure-vacuum tests the sheath samples of common
desilverized lead A, C-302, copper, C-299, and the chemical lead,
C-296, were subjected to a steady internal pressure of 25 p.s.i. at 150
deg. F. The expansion of these sheaths was measured by the displace-
ment method described above. The chemical lead sample, C-296 (see
Fig. 20), is now expanding at about the same rate as the elongation
of the strip specimen of chemical lead with a tensile stress equal to the
hoop stress in the sheaths as figured by the thin-cylinder formula. The
copper lead sample is expanding a little less than the chemical lead
sample.
The common desilverized lead A sample, C-302, after erratic action
in the early part of the steady load test is now expanding at a rate con-
siderably below the elongation of the strip specimen of similar material.
The 0.02 per cent calcium-type sample, C-297, failed with very little
expansion after 1700 hr. of steady internal pressure of 40 p.s.i. The
failure was definitely intercrystalline. The sample was found to have
expanded 0.2083 per cent on the average of 20 micrometer readings
symmetrically spaced along the test length. The displacement method
A
4
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FIG. 20. CREEP-TIME DIAGRAM OF SHEATHS C-302, C-299, C-296, AND C-297 UNDER
INTERNAL PRESSURE, MEASURED BY DISPLACEMENT METHOD AT 150 DEG. F.
gave an expansion of 0.085 per cent in diameter - not a very good
agreement. At the point of failure the sheath had a diameter of
2.357 in., whereas the average diameter of the sheath after failure, as
given by the 20 readings, was 2.381 in.
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V. TENSILE STRENGTH AND DUCTILITY OF CABLE SHEATH
METAL UNDER STEADY LOAD
13. Test Specimens and Testing Machines Used. -The specimens
and testing machines used in the fracture tests reported here are fully
described in Bulletin 347. The specimens were 4~ in. long, with a
critical section 2 in. long and 1/4 in. wide. The thickness of the speci-
men is the thickness of the sheath. The critical section is marked off in
Y2-in. gage lengths in order to determine the maximum elongation
after fracture in the 1-in. gage length in which failure occurred. Be-
fore the specimens were made, the sheathing was etched to determine
the structure and weld area. Unless the test results are indicated as
from tests of welds the specimens were free from welds in the critical
section. The specimens were cut longitudinally and transversely from
the sheathing as indicated on the curves. Little difference was found
in the strength test results between longitudinal and transverse tests,
but the longitudinal tests gave higher values for ductility.
The testing machines were operated at room temperature, which
averaged 78 deg. F., and at 110 deg. F. The specimens were loaded
directly with dead weights, and in the tests that failed in less than
168 hr. the time was automatically recorded with clocks.
14. Test Data of Long-Time Tensile Tests. - Figures 21-24 show
the test results of long-time tensile tests of strips cut from cable
sheaths. A semi-logarithmic plotting was used, since this gave a more
nearly straight-line relationship between tensile stress and hours for
fracture than either cartesian or log-log plots. In these diagrams, L
stands for longitudinally cut specimens from flattened sheathing, and
T for transversely cut specimens.
The superior short-time strength of the calcium and antimony lead
alloys is evident. The strength of these materials manifestly tends to
approach that of the commercially pure leads toward the lower stresses,
where the time for fracture is increased. For most of the tests com-
pleted, the arsenical lead alloys show greater strength than the chemi-
cal leads throughout the range of stress. The antimony-tin-lead alloy,
C-411, has great strength in the short-time tests, but decreases in
strength rapidly as the time for failure is increased. The chemical lead
has greater strength in the short-time tests than the copper lead, but
tends to approach the copper lead as the time for failure is increased.
In Bulletin 347 the formula S = S, (1 - c log t) was developed
to estimate the life of sheathing materials to extended periods of time
on the basis of tests of 100 to 1000 hr. in duration. S denotes the stress
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FIG. 22. STRENGTH-TIME DIAGRAM OF SHEATH J COMPARED
WITH STRIP SPECIMENS OF SIMILAR MATERIAL
in p.s.i. that the material will stand for time t. S1 and c are constants
of the material in question. S1 may be regarded as the tensile strength
for 1 hr. under steady load. The formula does not permit a wholly
exact prediction of the strength of these materials, since some ageing
and strain hardening is taking place in all of them.
Table 6 gives a comparison between the values of the constants S,
and c based on 100-hr. and 1000-hr. data given in Bulletin 347 and the
values based on 1000-hr. and 10,000-hr. data from the tests that have
continued past 10,000 hr. The expected 30-year strength is given for
both test periods
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FIG. 23. DUCTILITY-TIME DIAGRAM OF SHEATH J COMPARED
WITH STRIP SPECIMEN OF SIMILAR MATERIAL
The strain hardening of the common desilverized leads, copper
leads and corroding lead under low stress has increased their strength-
life expectancy. The ageing of the calcium-type alloys with magnesium,
and of the antimony alloy, reduces their strength-life expectancy.
The ductility of some of the calcium type alloys is very low as
measured by the maximum elongation in 1 in. after failure, whereas in
other calcium alloys the elongations after failure were from 20 to 28
per cent for tests running more than 10,000 hr. The alloys, C-297,
2SN, and 2S - with 0.02-0.03 per cent calcium, 0.014-0.016 per cent
magnesium, and about 0.25 per cent tin -are very low in ductility,
showing less than 10 per cent elongation to fracture in the short-time
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TABLE 6
VALUES OF CONSTANTS S1 AND C, AND TENSILE STRENGTH FOR 30 YEARS,
ROOM TEMPERATURE TESTS
In equation S = Si (1 - c log t), S denotes the tensile strength p.s.i. for the time t (hours)
under steady tensile stress; Si and c are constants determined from the values given by test
results for S at 100 hr. and S at 1000 hr.
Values from 1000-hr. Test
Material
2V Corroding Lead .................
ic Desilverized Lead A ..............
2G Copper Lead. .................
2C Copper Lead...................
2K -1% Sb ............. .........
2T- 0.37% Ca................... .
2P- 0.03% Ca....................
2SI-0.03% Ca. 0.014% Mg.* ......
2SNT-0.03% Ca. 0.014% Mg.*. .. ..
Si
850
1320
1920
1870
2760
3500
2800
3720
3580
S for
30 Years,
c by
formula
0.1177 307
0.159 181
0.174 108
0.166 187
0.174 155
0.186 0
0.143 627
0.164 409
0.165 376
Values irom 10tuu0-nr.(or Longer) Tests
Si
850
1300
1880
1840
2960
3300
3380
3630
2895
c
0.1177
0.154
0.1515
0.1909
0.1825
0.1741
0.1688
0.1625
0.1884
S for
30 Years,
by
formula
307
215
336
351
32
186
288
434
0
* It may be noted that specimens from sheath 2SL are longitudinal specimens, while specimens
from sheath 2SNT are transverse specimens.
tests. The 0.01 per cent calcium-type lead alloy, L-657, with 0.009 per
cent magnesium, has very good ductility in the short-time tests, but
decreasing ductility as time to fracture is increased. Three of the
arsenical lead alloys maintained a ductility of 29-35 per cent very
well during the test, failures occurring within 10,000 hr. The antimony-
lead alloy, 2KL, although its ductility steadily decreased, still has 21
per cent for a 20,000-hr. failure. The chemical lead, C-361, has fairly
constant ductility in tests under 1000 hr. The acid lead sheath, C-298,
maintained good ductility throughout the tests, and especially after
10,000 hr. This material contains only 0.017 per cent bismuth. The
copper lead alloy, C-299, with 0.074 per cent bismuth, had decreasing
ductility as the time for fracture increased - 8 per cent in 10,000 hr.
The common desilverized lead A has rather low ductility in transverse
specimens. The corroding lead with copper added, 2V, has very good
ductility throughout the test range, 10 to 36,000 hr. This material is
low in bismuth.
The arsenical leads, however, with 0.012-0.097 per cent bismuth
and 0.09-0.28 per cent tin, have maintained 29 per cent ductility
throughout the tests to 10,000 hr. The sheath, C-331, had knife-edge
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failures up to and including 9500 hr. The tin-antimony lead alloy,
C-411, had an intercrystalline type of failure after 4459 hr. This
material contains 0.024 per cent bismuth, 0.36 per cent tin, and 0.32
per cent antimony. 0.16-0.26 per cent arsenic tends to retard segrega-
tion and refines the grain structure, thus increasing the strength at
higher stresses and increasing the ductility for lower stresses.
A probable reason why the antimony-lead material has considerable
strength in the short-time tests and is little stronger than the purer
grades of lead at low stresses is that antimony tends to segregate at
the grain boundaries in time under stress.") Deformation under high
stress in lead is predominately slip within the grains, and the antimony
particles, if finely dispersed, form a mechanical lock in the slip planes.
With low stress conditions, however, the antimony tends to segregate in
time to the grain boundaries, which promotes grain boundary separa-
tion and hence hastens failure. The loss of ductility of antimonial lead
under low stress conditions is partly due to this segregation.
Tin, like antimony, has an effect on lead similar to the dispersion
or age hardening in other alloys. (" Under higher stress conditions the
mechanical keying of the tin is beneficial in resisting deformation.
Under low stress, however, the tin segregates in time at the grain
boundaries and hence reduces the strength and ductility of the
material.
The ageing of the calcium and magnesium alloys greatly reduces
their ductility. The dispersion hardening of the calcium alloys gives
them great short-time strength, but the intergranular corrosion of the
alloys containing more than 0.01 per cent magnesium greatly reduces
the ductility of the alloys.
The action of copper in lead seems to be mechanical. (4) Finely
dispersed copper particles tend to retard slip and thus increase the
strength of the lead. The presence of copper does not decrease the
ductility of lead in the long-time tests.
Bismuth increases the strength of lead slightly for the higher
stresses, but when grain separation rather than slip becomes the pre-
dominant characteristic of failure the presence of bismuth is detri-
mental. Bismuth in amounts near 0.1 per cent increases slightly the
strength and creep resistance of lead but reduces its ductility for
lower stresses. The tests at stresses of 400 p.s.i. indicated a loss of both
strength and ductility for the higher bismuth leads. Bismuth in the
range of 0.01 to 0.1 per cent, added to lead containing 0.04-0.07 per
cent copper, may reduce the solubility of copper in lead, thus reducing
the strength and ductility under low stress condition with a surplus of
copper at the grain boundaries.
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Arsenic greatly refines the grain structure in lead. Arsenic forms
a compound, Sn, As2, with tin which probably serves as numerous
nuclei of crystallization around which the lead precipitates, thus pro-
ducing a fine-grain structure. The quenching of the sheath at the lead
press gives a supersaturated solution of arsenic in lead which upon
ageing increased the strength of the lead at low stresses. However,
at 150 deg. F. and under high stress conditions some overageing may
take place, with a consequent reduction in creep strength.
15. Significance of the Loss of Ductility in the Stress-Rupture
Tests.- The tendency of the ductility of some of the alloys and the
very pure lead to decrease as the time for fracture is increased is very
serious. Since 100,000 hr. would be a relatively short life for an under-
ground power cable, this low ductility in 10,000 hr. of test would
greatly reduce the effectiveness of many of these sheathing materials.
The cable sample, J, of common desilverized lead A, failed with an
expansion of only 1.286 per cent; the 0.02 per cent calcium-type lead
sample failed with only 0.208 per cent. The high ductility developed by
some of the alloys in short-time tests may be of little value and may
lead to an exaggerated estimate of their worth as sheathing material.
Figure 22 shows that the strength of a sheath may be predicted more
accurately than the ductility as shown in Fig. 23.
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VI. REPEATED-BENDING TESTS ON SPECIMENS CUT
FROM CABLE SHEATHING
16. Previous Low-Frequency Tests on Bending of Strip Specimens.
- Pages 42-45 of Bulletin 347 give the results of repeated-bending
tests of specimen strips cut from cable sheathing. These bending tests
showed a marked diminution of number of cycles of repeated strain
for fracture as the frequency of cycles of strain was reduced. The
slowest rate of applying cycles of bending used was 1 cycle per min.,
which on the strain-frequency diagram showed a steeper dropping off
at that frequency than at any higher frequency applied in the tests.
This finding made it seem desirable to run a series of tests using still
lower frequencies, in order to obtain further information on the extra-
polation of laboratory results to service conditions, where the bending
cycle is usually 24 hr. For this purpose two testing machines have been
designed and built, in each of which six specimens are tested at a time.
In the tests reported in Bulletin 347 cantilever specimens were used,
and as the lead alloys tested did not follow Hooke's law (stress pro-
portional to strain) the computation of surface strain was, at best,
a fair approximation.
17. Apparatus Used in Present Bend Tests of Strip Specimens. -
The machine designed for the slow bending tests of the strips the
specimen is a simple beam loaded at two symmetrical points along
its span. In such a specimen the strain can be computed more accu-
rately than in a cantilever specimen. A discussion of the theory in-
volved in the computing of the strain in a flat, thin specimen loaded
as a beam at two symmetrical points along its span is given in Ap-
pendix B. One of the testing machines used for bending tests of
strips is shown in Fig. 25. The four chucks, A, B, C, and D, gripping
the specimens are pivoted to the supporting arms, E and G, and push
rods, L and K. The supporting arms and one push rod, K, have ad-
ditional pivots which allow the specimen to bend without restraint
from the chucks. The push rod L, with only one pivot, maintains the
specimen in its original position until failure. Then the fully pivoted
end falls over, and the ratchet-operated counter, b, no longer registers,
due to the disengagement of rod a, which actuates the counter when
the specimen is intact.
The push rods that flex the specimen are actuated by a crossbar,
M, whose stroke is governed by the spacing of two round nuts, N 1
and N 2, on the driving rod, P. The driving rods are fastened to a bar
running the length of the machine, which has a fixed stroke determined
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FIG. 25. STRIP BENDING MACHINES, AND SPECIMEN, FOR STUDYING
EFFECT OF VARYING FREQUENCY OF CYCLES OF STRESS
by a bell crank, Q, connected to a worm and gear drive by connecting
rod, R. This drive is coupled to a quick-change transmission by means
of which testing cycles of one a minute, one in ten minutes, and one
an hour may be used.
The machines are mounted in ovens in which temperatures of 110
deg. F. or 150 deg. F. may be maintained; or the ovens may be left
open so that the specimens are at room temperature, which averages
about 78 deg. F. Six specimens are tested at a time in each of two
machines. Total strains at the outer surfaces of the specimens of 0.3,
0.4, and 0.5 per cent (-+ 0.15, ± 0.2, and -+- 0.25 per cent) are used
because these are approximately the strains commonly met in service
in the sheathing of cables in the manholes on account of a daily move-
ment due to longitudinal expansion and contraction with temperature
changes. While the machine is running, the strains in the strip speci-
mens are adjusted with a 2-in. radius of curvature gage as described
in Appendix B. Since the specimen (Fig. 25) is unpolished, being
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taken from the sheathing and having its original thickness and surface
irregularities, some scatter is apparent in the test results. These results,
however, seem sufficiently accurate to permit classification of the rela-
tive resistance of the various materials to bending.
18. Strip Bend Test Results. - The tendency - pointed out in
Bulletin 347 for higher rates of strain - for the number of cycles
necessary to cause fracture to decrease as the length of cycle is
increased for a given strain is evident in these tests also. Since, in
order to produce this amount of strain in each cycle, the stresses are
necessarily very high in the specimens, considerable creep takes place.
As the rate of strain is decreased or the time per cycle is increased,
more creep per cycle takes place, thus greatly decreasing the number
of cycles necessary to cause failure. However, because the elapsed time
for failure is increased with the slower stress cycle, stress corrosion
becomes more of a factor in decreasing the bending resistance. The
tests run at temperatures of 110 deg. F. and 150 deg. F. show a further
reduction in number of cycles necessary to produce fracture for a given
strain as the temperature is increased. There is also, regardless of the
amount of strain, a tendency for the specimens to fail with more
nearly the same number of cycles as the rate of strain is decreased
or the temperature is increased. This is shown in 1-hr.-cycle tests of
chemical lead, C-361, at room temperature, and in the 150-deg.-F.,
10-min.-cycle tests of the arsenical lead, C-389. Table 7 shows the re-
sults of the strip bend tests in condensed form.
In resistance to bending, the arsenical leads, C-331, C-389, and
C-417, have a marked superiority over the chemical leads, C-296 and
C-361. The low tin-antimony lead alloy, C-411, also has very good
resistance to bending. Most of the copper leads have about the same
resistance as the chemical leads. Not enough tests have been run to
determine the most desirable copper content from the standpoint of
bending resistance. The only calcium-type alloy tested, C-297, with
0.02 per cent calcium, had good bending resistance, especially at the
0.3 per cent total strain. This alloy, however, is low in ductility for
higher strains.
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TABLE 7
SUMMARY OF STRIP BEND TESTS AT ROOM TEMPERATURE
Material
Chemical Lead: C-296.......................
Chemical Lead: C-361 ....................... .
Copper Lead-High Bismuth: C-299-0.048% Cu
(- 0.074% Bi) .............................
Copper Lead: C-410-0.054% Cu..............
2C-0.0424% Cu... . . . . ..................
Acid Lead: C-298-0.053% Cu., 0.017 Bi........
Common Desilverized Lead A: X...............
0.02% Ca.: 0.016% Mg. C-297. ................
Arsenical Lead: C-331........................
Arsenical Lead: C-389 ... . . . ..... .........
Copper Lead: C-409..........................
Tin-Antimony-Lead: C-411 ...................
Cycles for Failure
Total
Strain,
Per Cent
0.5
0.4
0.3
0.5
0.5
0.5
0.4
0.3
0.3
0.5
0.5
0.4
0.4
0.3
0.3
0.5
0.4
0.3
0.5
0.4
0.3
0.5
0.5
0.4
0.4
0.3
0.3
0.5
0.4
0.3
0.5
0.4
0.3
0.5
0.4
0.3
0.5
0.4
0.3
0.5
0.4
0.3
0.5
0.4
0.3
1-Minute
Cycles
6 611
10 366
14 606
6 847
7 015
9 421
9 605
10 502
12 013
5 438
7 261
8 125
10 122
10 673
13 270
11 915
10 794
13 778
5 654
8 538
9 033
7 539
7 708
9 929
9 379
11 116
19 900
16 794
26 863
45 921
16 258
16 893
34 852
9 594
12 624
12 892
13 263
16 460
23 268
10-Minute
Cycles
9 712
4 919
8 542
9 500
2 736
2 875
1 872
11 247
3 744
4 980
1 920
2 304
2 592
2 505
2 880
5 614
4 115
8 662
9 060
10 017
11 970
22 937
11 972
16 811
21 751
1-Hour
Cycles
3 147
4 257
3 843
2 667
4 054
4 545
4 630
5 035
9 035
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TABLE 7 (CONCLUDED)
SUMMARY OF STRIP BEND TESTS AT 110 DEG. F. AND 150 DEG. F.
Total Cycles for Failure
Material Strain,
Per Cent 1-Minute 10-Minute 1-Hour
Cycles Cycles Cycles
1100 F. Tests
Arsenical Lead: C-389 ...................... . 0.5 9 367 12 522 ....
0.4 17 402 19 732 ....
0.3 26 644 ..... ....
C-417 ..................... ....... ............ 0.5 9 451 11 700 ....
0.4 8 800 16 543 ....
0.3 17 494 ....
1500 F. Tests
Chemical Lead: C-361 ..................... . . 0.5 4 886 3 356 . . .
0.4 5 517 4 731
0.3 11 865 7 315
Arsenical Lead: C-389 ....... ............... 0.5 13 280 10 302
0.4 11 000 10 377
0.3 14 514 10 708
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VII. CABLE BEND TESTS
19. Repeated-Bending Tests of Full-Size Section of Cable. -
Underground electric power cables expand and contract in length with
change in temperature as the electrical load varies, so that at each
end of a 400-to-500-ft. length there is a daily movement which usually
amounts to from 1 to % in. This movement produces repeated bend-
ing of the cable in the manholes, and in many cases the life of the
cable is dependent on the ability of the sheath to withstand the bend-
ing. A large number of tests have been run in a dummy manhole ma-
chine in Chicago by the Commonwealth Edison Company. Since this
machine requires specimens several feet long and tests the manhole
installation as a whole, it seemed advisable to develop a machine
which would require only a few feet of cable for test samples and
which would determine the bending resistance of the sheathing under
more closely controlled conditions and the effect of the various cable
designs upon the bending of the sheathing.
20. Testing Machine and Specimen Used.- The testing machine
used is shown in Fig. 26. The cable sample, 32 in. long, is bent to a
radius of 24 in. and is sealed at both ends by wiping the conductor
and sheathing together so that when the barrel-stave chucks grip the
sheathing the conductors carry the bending stress to the sheathing in
the critical section. The chucks are mounted in trunnions to allow free
FIG. 26. CABLE BENDING MACHINE FOR STUDYING EFFECT OF VARYING
FREQUENCY OF CYCLES OF STRESS AND EFFECT CF CABLE DESIGN
ON RESISTANCE TO BENDING OF CABLE SHEATHING
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FIG. 27. CABLE BEND TEST RESULTS
pivoting. To further reduce end conditions in the test, the sheathing
is cut completely around at a distance of 11/ in. from the chucks.
Since an air pressure knock-off switch is used to determine failure,
rubber sleeves reinforced with friction tape are cemented to the sheath
around the cuts. One chuck is fixed to the base of the machine; the
other is fastened to a rod that is actuated by an adjustable cam
geared to run one cycle in 76 sec. or one cycle in 6 min. The change
of the test cycle is made by belt change on double sheave pulleys.
The strain in the sheathing is measured by means of a 1 in. strain
gage sensitive to 0.0001 in. Small steel gage points are cemented to
the top and bottom of the test sample at three 1-in. intervals in the
middle or critical section.
21. Results of Bend Tests on Cables.- The strains plotted in
Fig. 27 are the maximum weighted average strains in the 1-in. gage
length in which failure occurred. The weighted average strain is com-
puted by the following method. The strain, measured by a 1-in. strain
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gage at 1000-cycle intervals during the test, is averaged, and the prod-
ucts of this average strain and the number of cycles between consecu-
tive readings are added. This sum is then divided by the number of
cycles necessary for failure, to determine the average strain prevailing
during the test. The failures usually occur in the bottom center 1-in.
gage length; however, localized bending of the conductors or bending
of the sheath at the edges of the metal binder tapes in the cable may
cause failure to occur in an outer gage length or on top of the sheath.
The failures are intercrystalline, with little bulging at total strains
between 0.3 and 0.6 per cent. At strains above 0.8 per cent some bulg-
ing is evident.
The six samples of chemical lead, C-361, gave a strain-life curve
with a straight-line relationship having little scatter of individual test
results. This is a belted cable of 3 conductors 500,000 C.M., 13 KV.
Not enough tests have been completed to give stress-strain curves from
the arsenical lead cables C-331, belted 500,000 C.M., 3/C, 5 KV, and
C-389, shielded 500,000, C.M., 3/C, 12 KV. The effect of concentration
of bending due to the binder tapes was marked in the 76-sec.-cycle
test of C-389, with a maximum average total strain of 0.455 per cent.
This sample failed at the top center gage length, which developed the
maximum strain rather late in the test. The maximum average strain
for the complete test was developed at an outside bottom gage length.
The bending resistance of the arsenical lead sheath, C-389, is much
greater than that of the chemical lead, C-361. The chemical lead
sheath was on a belted cable; the arsenical lead sheath was on a
shielded cable. In the bend tests in Chicago also, it has been found
that the sheathing on shielded cables fails with fewer bending cycles
than does sheathing on belted cables. The tests on arsenical lead, C-389
and C-417, with 6-min. cycles show the decreasing number of cycles
necessary for failure as the speed of bending is decreased.
22. Correlation Between Bending of Cables and Strip Specimens.
- The cable bend specimens usually withstand a greater number of
cycles of a given strain before failure than do the strip bend specimens
mentioned above. The strain gradient is much more severe in the strip
specimen, since there is compression on one side and tension on the
other at the extreme ends of the cycle. In the cable bend samples, on
one end of the cycle, the sheath is in compression on the top side
throughout its full thickness and in tension on the bottom side; on
the other end of the cycle the top is in tension while the bottom is in
compression. The cable bend samples, with their more uniform stress
distribution, closely approximate service conditions.
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VIII. PRACTICAL APPLICATIONS OF THE RESEARCH
By the Advisory Committee of Utilities Research Case No. 75,
Lead Sheath Materials
This research has been very helpful to the users of lead-sheathed
cables in helping them to determine the working limits of the sheaths
for designing new installations and for rating existing installations.
It has furnished basic data useful in the establishment of standard
sheath thickness in national specifications and for limiting internal
pressures in oil-filled and gas-filled pressure type cables. New test
methods and analytical methods have been developed which have
facilitated the appraisal of sheathing materials. Through correspond-
ence, and visits both of the University workers to other laboratories
where similar investigations are in progress and of the cable manu-
facturers' research workers to the University, cooperation has been
fostered which has directed considerable attention to the sheath prob-
lem and has promoted investigations elsewhere.
This work has been directed toward determining (from the stand-
point of the cable user) the relative suitabilities of the materials
offered by the cable manufacturers, rather than toward the develop-
ment by the university of new sheathing materials to fit the require-
ments. However, it has contributed much toward the latter goal by
assisting manufacturers to determine the suitability of some promising
new materials.
Bulletin 306 contained a section on the expansion of sheaths on
underground power cables in service. Information was given on the
internal pressures that occur commonly in high-voltage cables and
on the expanding sheaths on 66-KV, single-conductor cable of the
solid type. In order to keep the insulation sufficiently well filled with
oil so that it could withstand the high operating voltage, reservoirs
containing oil at a pressure of a few pounds were connected to the
joints. The expansion of the /) 4 -in. lead sheaths due to the internal
pressures and to oil entering the cable can cause the sheaths to burst
at a high rate. In one company the pressure in the reservoirs was re-
placed by vacuum, and some of the oil was drawn out of the cable
and back into the reservoirs. There is evidence that such action is
shortening the life of the insulation under electrical stress, though it
has stopped the troubles with the sheath. This case illustrates a need
for better sheathing material which will expand less in service and is
better able to withstand whatever expansion occurs.
The elasticity and recovery of the sheaths from expansion which
are shown by the pressure-vacuum tests at the University of Illinois
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are important properties for the sheaths of high-voltage, solid-type
cable. In most cases the internal pressures in such cables develop
quickly when the power load transmitted increases, and persist for a
relatively short part of the day. These properties help to accommo-
date the expansion and yet result in minimum permanent distension
of the sheath, so that when cooling occurs the formation of voids in the
insulation is minimized.
Under pres'nt operating conditions of high electrical loads the
limitations of the solid-type cable have become very serious, and more
attention has been paid to pressure-type cables with their stronger
sheath requirements. In recent years there has been an increasing in-
terest in the pressure types of lead-sheathed cable, especially for use
at the higher operating voltages, in which either oil or gas is main-
tained at a controlled and fairly constant pressure. Of the com-
mercially pure leads, those containing between 0.04 per cent and about
0.06 per cent copper have been shown to be most suitable for use on
such cable. A maximum safe tensile stress for such sheath has been
fixed at 125 p.s.i. for general usage. If the internal pressure is high
enough to cause stresses appreciably exceeding this limit with reason-
able sheath thickness, then a costly double-sheath construction with
reinforcing tapes between the sheaths becomes necessary. Some of the
newly developed arsenical lead alloys which have been studied in this
research will permit use of single sheaths at higher stresses. The infor-
mation available at the present time indicates that the safe limit for
this material is 175 p.s.i. or more.
For many years there has been an obvious need for improvement
in the ability of the sheaths to withstand repeated slow bending of
small amplitude. Such bending occurs in manholes because of the ex-
pansion and contraction of the cable longitudinally with changes in
temperature. The service life of most cables is determined more by the
ability of the sheath to withstand such bending than by the ability of
the insulation to withstand the voltage.
In recent years, with rising costs and scarcity of materials, a
definite trend has developed toward higher loads on the power trans-
mission and distribution systems, with correspondingly larger daily
temperatures. Some utilities are planning to increase the loads still
further in order to obtain maximum usage of the investment without
impairment of the service. Thus the need for improved sheaths has in-
creased, and much of the attention in this research has been given
recently to that aspect of the problem.
Bending tests are made on 25-ft. samples of cable containing a
joint in a full-size manhole set up in a laboratory to reproduce service
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conditions, and bending tests are made on 8-ft. samples of cable set-up
in U-shape. In these tests the bending has been at the rate of one
cycle in 70 sec. while in service the cycles are generally daily cycles.
The application of these laboratory data to service conditions has been
facilitated by the tests of strip specimens and 2-ft. samples of cable
at the University where tests have been made with 1-min., 10-min.,
and 60-min. cycles. Also, the information obtained there on the effects
of temperature and vibration has been very helpful in the interpreta-
tion of the results. All of this information combined indicates that the
life to fracture in bending of commercially pure lead sheaths in service
is approximately 30 per cent of that obtained in the tests of cable with
70-sec. cycles at room temperature when life is expressed in number
of bending cycles.
The arsenical lead alloys, which are represented in this bulletin
by samples C-331, C-389, and C-417, have lives to fracture in bending
of over three times those for commercially pure lead at room tempera-
ture in tests having cycles lasting about one minute. The ratio is a
little less in tests at 110 deg. F. These alloys have also relatively high
creep resistance and good ductility, which is retained with age even
better than that of chemical lead. The commercial use of these alloys
was started early in 1945 and they are expected to make possible con-
siderably higher loading on the cables. The possibilities of improve-
ments in cable sheaths do not appear to have been exhausted by these
developments. Further research is in progress and possibly other alloys
will be developed which will have even better characteristics, especially
in the long-time life required in service.
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IX. SUMMARY
(1) The investigation reported in this bulletin was made from the
viewpoint of the user of lead sheathing for electric power cables. The
tests made were on specimens of sheathing or on specimens cut from
sheathing produced at various cable factories some from commercial
production and some from experimental lengths, but all extruded by
the factory lead presses. There has been no attempt in this investiga-
tion to make alloys of lead for the purpose of studying their properties.
(2) In tensile-creep tests of lead and lead alloys carried to fracture
there seem to be three fairly well defined stages: (a) a preliminary
stage during which creep starts at a relatively high rate and diminishes
in rate as the stage proceeds; (b) a second stage, during which the
creep rate remains nearly constant for some leads and lead alloys while
for others it diminishes gradually at a greatly reduced rate for several
thousand hours; and (c) a third stage during which the creep rate
increases, the specimen tends to "neck down," and final fracture occurs.
The creep rate during the second stage, which is the minimum creep
rate during the entire test, is sometimes taken as the index of creep
resistance of the metal. Low creep rate means high creep resistance.
(3) Another index of creep resistance is the total creep (including
the creep in the first stage) up to any given time in the second stage.
The McVetty method described in Bulletin 306 is used in determining
this index of creep resistance. This is the most accurate method for
lead alloys due to the large amount of creep in the first stage and the
consequent strain hardening of most alloys.
(4) Creep deformation in lead alloys is a result of the combination
of two mechanisms: (a) creep within the grains, which occurs as
crystographically directed slip, or translation, and (b) plastic flow at
the grain boundaries. At higher stresses creep deformation which pre-
cedes failure is more a result of slip, while with the lower stresses
reported in the creep tests, boundary flow becomes the major mechan-
ism of deformation. The alloying constituents tend to form a mechan-
ical lock within the grains retarding slip due to stresses below certain
limits. Failure then takes place at the grain boundaries. When some
of the alloying material precipitates out of solution or a surplus is
present, and segregates at the grain boundary, thus weakening the
joint between the grains to a strength less than that of the mechan-
ically stiffened grains, failure occurs at the grain boundaries. This
phenomenon gives an intercrystalline type of failure common to most
lead alloys subjected to a long-continued steady load. The ductility as
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measured by the elongation after fracture is then lower than in the
short test where some of the failure resulted in slip within the grains.
(5) A reliable formula relating creep, stress and time, then, would
have to take into account the two types of failure, the amount of the
alloying constituents, strain hardening, localized weakness in the
sheath due to fabrication, grain boundaries, etc. Since the creep rates
of lead alloys in the stress range met in service are so sensitive to
chemical composition, strain hardening, and grain structure, no simple
relation can be derived without much more information.
(6) A graphically tabulated evaluation of the creep resistance of
the various alloys tested appears in the bulletin, as Fig. 12. The
McVetty method was used to estimate the total creep and the rate of
creep for 10,000 hr. based on 2000-hr. tests at room temperature, 110
deg. F., and 150 deg. F. of strip specimens loaded with a tensile stress
of 200 p.s.i.
(7) Strength-time and ductility-time tests extending past 10,000
hr. are shown for various leads and lead alloys. The tendency for most
of the lead alloys to decrease in ductility as the time for fracture is
increased is readily apparent.
(8) Many of the alloying constituents - calcium, magnesium,
bismuth, and copper - greatly increase the creep resistance of the
lead. Tin and antimony tend to reduce the creep resistance of the
lead to lower stresses. Magnesium, bismuth and calcium, antimony and
tin reduce the ductility of the lead in low-stress long-time fracture
tests unless restrained from segregation by small amounts of arsenic.
(9) Full-section specimens of cable sheath under constant internal
oil pressure do not, as a rule, creep as much as do strip longitudinal
specimens cut from the sheathing material. Specimens cut in the
longitudinal direction of extruded sheath may have the striated struc-
ture, which is more ductile and more apt to creep than if cut trans-
versely from the sheath. The tendency for small inclusions, oxides,
and foreign material to segregate in longitudinal planes would reduce
the ductility of the sheath in the transverse direction and account for
low ductility after failure of the sheath as compared with that of the
strip specimens. The biaxial state of stress in the sheath sample tends
to reduce the elongation in both directions. Longitudinal specimens
are usually more ductile and slightly stronger than the transverse ones.
(10) Sheathing samples subjected to alternate periods of internal
pressure and vacuum did not creep as much as did strip specimens
loaded with equal tensile stress for the same time under load. The
sheath samples were under pressure for only one-third of the elapsed
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testing time. They showed less creep than did continuously loaded
strip specimens in one-third the testing time of the sheath samples. The
sheath samples showed considerable creep recovery during the vacuum
periods.
(11) A new multiple strip bending machine is described in which
strain cycles of one a minute, one in ten minutes, and one an hour were
applied to longitudinal strip specimens cut from sheath at room
temperature, 110 deg. F., and 150 deg. F. The number of cycles of a
given strain to cause failure decreased as the length in time of cycles
was increased and as the temperature was increased. The arsenical
lead alloys had superior bending resistance in all tests. The tendency
of arsenic to refine the grain structure and retard segregation is
believed to be the reason for the high resistance to bending of these
alloys.
(12) A new cable bending machine is described. This machine will
do bend tests on 32-in. long samples of cables with strains equal to
those met in service, without buckling or bulging the sheath. The tests
of belted cable at total strains of 0.3-0.6 give a straight line relation-
ship between strain and the logarithm of number of cycles to fracture.
Some scatter was found in the tests of shielded cable. This machine
is useful in testing the effect of cable construction on the life of
sheathing as well as in comparing different sheathing materials. The
cable bend test results indicate also the superior bending resistance of
the arsenical lead alloys.
(13) The two bending tests did not agree very well in some test
results. The strip bend test results on arsenical lead, C-331, gave more
cycles for failure at all strains than did the cable machine, whereas on
arsenical lead, C-389, the results were reversed. On the tests of
chemical lead the two tests agreed very well for lower strains, with the
cable machine tending to give more cycles to failure as the strain was
increased than did the strip bending machine. Since only surface
strains are measured in each test, the more severe strain gradient in the
strip bend sample may cause failure to occur with fewer cycles due
to surface irregularities, weak grain structure, etc.
APPENDIX A
EFFECT OF SPECIMEN WIDTH ON CREEP TEST RESULTS
At various times the question of the effect of width of specimens on
the creep test results has been raised by several investigators testing
lead and lead alloys. Some investigators reasoned that in using a
specimen only ¼ in. wide, such as was used at the University of Illi-
nois, when testing a large-grained material, the tests may be unduly
influenced by the behavior of a few grains or grain boundaries. Slight
imperfection in the materials might extend over the whole cross-section
of the narrow specimen, while in a larger specimen the same discrep-
ancy might extend over only part of the cross-section.
Since all the materials tested were extruded and consequently were
mostly fine-grained, the author believes that the ¼-in. specimen was
wide enough to yield a representative grain structure in the cross-
section of the creep specimen. At least 20 grains were visible across
the cross-section of the test sample of the largest grain material. Since
the 20-in.-long specimens were of necessity cut longitudinally from the
sheath, and any striated structure within the extruded sheath would
run longitudinally and not across the specimen, the author feels that
the size of the specimen would have little effect unless the imperfection
were confined to a very small area of the sheath.
The advantage of a long, narrow specimen is the ease of acquiring
axial loading and consequently more uniform stress distribution across
its cross-section. The long, narrow specimen tends to line itself more
quickly with the load. With the smaller cross-section, fewer and
smaller weights are required for loading, and consequently less shock
is applied to the specimen with the more easily handled weights.
In order to test the effect of specimen size on the creep of lead,
specimens % in. and % in. wide were cut from sheaths of 0.03-per cent
calcium lead, a copper lead, and two sheaths of common desilverized
lead A. Three specimens of each.size for each material were placed in
the same creep -rack with a controlled temperature of 110 deg. F.
Stresses of 100, 150, 200, and 300 p.s.i. were used. Figure 28 shows
the results of these tests.
From a statistical standpoint the ¼-in. specimen had less resist-
ance to creep in five tests out of twelve. In one test the wide and
narrow specimens had the same creep resistance; in six tests the wider
specimens had lower creep resistance. When the normal variation in
creep behavior in different specimens from apparently identical ma-
terial is quite large, the variation in the creep recorded for the two
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sizes of specimens in these tests is to be expected. The author feels that
the %-in. specimen has a width sufficient to give reliable creep data on
the materials commonly used for cable sheathing. Stress-rupture tests,
comparing data from %-in, and 1-in. specimens, gave about the same
agreement in test results. These data are shown in Bulletin 347 of the
Illinois Engineering Experiment Station, page 30.
Time /n Hundreds of Hours
FIG. 28. CREEP-TIME DIAGRAMS SHOWING EFFECT OF SPECIMEN
SIZE ON TEST RESULTS
APPENDIX B
STRESSES AND STRAIN IN A UNIFORM-SECTION, HOMOGENEOUS BEAM
LOADED AT Two POINTS SYMMETRICALLY PLACED
IN THE SPAN OF THE BEAM
Following is a discussion of the method of computing the strain
produced in a flat, thin specimen when supported at two points as a
simple beam loaded at two symmetrical points along its span. This
discussion applies to the tests discussed in Chapter VI.
Underlying the discussion of the deflection and curvature of any
beam is an assumption, usually attributed to Bernoulli but sometimes
to Navier, that the strain (stretch or compression per inch) at any
point in the beam is proportional to its distance from the neutral
surface of the beam (y in Fig. 29b). The assumption is often somewhat
loosely stated: "A cross-section of a beam which is plane before bend-
ing remains plane after bending." This assumption (of proportion-
ality of strain to y) is based on experimental evidence, and is not con-
fined to 'lastic action of the beam, but holds even when Hooke's law
does not hold - e.g., for a beam of ductile material loaded beyond its
(a)
•--a,--------------?-1
P P
t7
FIG. 29. FIGURES ILLUSTRATING FORMULA FOR STRAIN IN STRIP BENDING MACHINE
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yield strength, for beams of most brittle materials, and for rubber. In
this bulletin, therefore, Bernoulli's assumption is regarded as reliable
for strips of lead alloy tested in bending.
Figure 29a shows, in diagram, a homogeneous beam of constant
cross-section loaded with equal loads at two symmetrical points in
the span. Over the part of the span b the bending moment is constant,
the shear is zero, and, if the beam is loaded within the range for which
Hooke's law holds, the ratio of stress to strain is constant throughout
the beam, and the stresses and the strains on the upper and the lower
surfaces of the beam are equal all along the length b.
Now let us consider a beam in which Hooke's law does not hold
throughout the beam. Figure 29b illustrates this case. The diagram of
strain at any cross-section of the beam along the length b is a straight
line diagram (m p o r n in Fig. 29b), but now the relation between stress
and strain is no longer constant across the section and the stress
diagram is not a straight-line diagram, but something like the figure
mp' or' n, and m o p' has the shape of the stress-strain diagram of the
material in tension, with m p' representing the maximum tensile stress.
Similarly n r' represents the maximum compressive stress.
Now the resisting moment in the beam, which balances the bending
moment, is proportional to the constant width, w, of the beam multi-
plied by the area m o p' multiplied by q, the distance between the
"center of gravity" (K1 ) of area mop' and the center of gravity (K2 )
of area n o r'. But the bending moment is constant along the length b
of the beam shown in Fig. 29a, and the material is homogeneous; so
that along any cross-section along b the stresses and strains are those
shown in Fig. 29b, the relation between stress and strain at the surfaces
of the beam is the same for any section along the length b, and since
the surface stresses m p' and n r' are constant along the length b,* the
strains m p and n r are also constant, and the neutral surface of the
beam is bent into the arc of a circle with radius R as shown in Fig.
29c. This may be shown as follows. In Fig. 29c A 1 is a short length of
the beam, and e is the elongation (or compression) along the surface of
the beam. Now if the strain (stretch or compression per inch of A 1) is
denoted by e, then by similar triangles (assuming that the curve of the
beam is so flat that A 1 may be regarded as a straight line)
Al e eAl
R c c
*There are localized compressive stresses and shearing stresses in the immediate vicinity of
points of application of load, but the measurements of bending strain are taken over a span whose
ends are at some distance from points of loading, and out of the zone of metal appreciably
affected by the localized stresses near the points of loading.
BUL. 378. CREEP, FRACTURE, AND BENDING OF LEAD ALLOYS 85
whence
c c
R = - and e = - . (1)
e R
In this expression c is a constant and e is constant along the length b.
But since e and c are constant along the length b, R must also be
constant, and hence the beam loaded by two loads symmetrically
spaced along its span is bent into the arc of a circle between the loads,
and the surface strain all along the upper and lower surface of the
beam between loads is equal to c/R.
The radius of curvature of a circular cylinder or a circular ring
may be measured by a device which measures the "rise of the arc of
the circle for a given chord." Such a device is shown in diagram in
Fig. 29d; it may be used to measure the radius of curvature, and hence
the surface strain, in a specimen bent into the arc of a circle by two
symmetrically spaced loads. In Fig. 29d, h measures the rise of the
arc as the beam is bent upward.*
Now
R 2 = 2 + (R' h) 2  m2 + R' 2 - 2R'h + h2,
whence
0 = m2 - 2R'h + h2,
and
m
2 + h2
R' =-----2
2h
Now R, the radius of curvature of the neutral surface, is equal to
R' - c. Then from Equation (1)
c m 2 + h2  m 2 + h2 - 2hc
R c-
2h 2h
and
2hc
E= (2)
m 2 + 2 - 2hc (2)
For flat, thin strips, h2 and 2hc are usually small in comparison
with m2, and Equation (2) may with sufficient accuracy be written
2hc
m2
* The vertical movement of point 2 on the upper surface of the specimen directly under the
plunger of the micrometer dial may be regarded as equal to the vertical motion of the correspond-
ing point on the neutral surface of the beam.
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A numerical example may be of service. Assume m= 1.5 in.,
h = 0.08 in., and c = 0.0625 in. Then
2 X 0.08 X 0.0625 0.01
-- 
- - 0.0044515,
1.52 + 0.082 - (2 X 0.08 X 0.0625) 2.2464
or (using the approximate formula)
2 X 0.08 X 0.0625 0.01
= ---- 22- = 0.0044444.
1.52 2.25
When the gage length of the strain gage is 2 in., as it is in the
t
Illinois strip bend tests, m is equal to 1; and since c = -, where t
2
2hc
is the thickness of the sheath, the formula = - becomes E = ht.
m
2
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